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Metallic glass formation was first discovered in the 1960s. To date, a variety of metallic 
glasses and bulk metallic glass (BMG) forming systems have been reported. Although iron 
alloys are the most important industrial material, it was until 2003 that the critical 
thickness for Fe-based BMGs reached 10 mm with Y/Ln additions. To understand the 
effect of Y/Ln on the improvement of the glass forming ability (GFA), the investigation of 
GFA was carried out in ternary model systems of Fe-B-Y/Nd.  
 
Firstly, the eutectic composition in Fe-B-Y system, Fe78.2B17.5Y4.3, was located by 
melting studies. Secondly, GFA of alloys was studied by melt-spun samples and a glass 
forming zone was defined. Within this zone, a 1 mm bulk metallic glass, the first ternary 
Fe-based BMG, was located at Fe71.2B24Y4.8. In the Fe-rich corner of Fe-B-Nd system, a 
glass forming zone for 100 micron ribbons was similarly defined. Within this zone, a 1 mm 
BMG was located at Fe67B23Nd10. This is also the first time to obtain BMG in the ternary 
Fe-B-Nd system. Sequentially, the mechanism of Y/Nd on improving the GFA was 
discussed. It was revealed that GFA has a strong dependency on compositions in the Fe-
rich corner. The competing crystalline phases with glass were identified and Y/Nd 
containing phases were discovered. Together with the phase diagram in Fe-rich corner, it 
was concluded that Y/Nd should be base elements rather than minor additions and its small 
content was determined by the phase diagram.  
 vi 
 
To further improve the GFA of Fe-B-Nd based alloys, a fourth element Nb was added. 
A glass forming zone for 1.5 mm ingots was defined. Within this zone, a 4 mm BMG was 
located at Fe65.28B24Nd6.72Nb4, which is the largest for Fe-B-Nd based alloys. The 
competing phases with glass were identified and bulk glass composites reinforced with 
principal hard magnetic phase Fe14Nd2B were formed. It was the first time that bulk hard 
magnets were obtained directly from the bulk glass composites by annealing. The 
improved GFA of Fe-B-Nd-Nb alloys was discussed. It suggested that the ternary best 
glass former as a starting point was extraordinarily important for the development of 
BMGs in high order (>3) multicomponent systems. The hard magnetic properties of Fe-B-
Nd-Nb alloys were studied. A hard magnet with a coercivity of 1100 kAm-1 and a 
maximum energy product ((BH)max) of 33 kJm-3 was obtained at (Fe67B23Nd10)96Nb4 by 
annealing. The combination of hard magnetic properties and the large critical sample size 
may make these alloys a commercially viable candidate for industrial applications. 
 
The efficient cluster packing (ECP) model was discussed and a modification was 
proposed based on Fe-B-Y/Nd based BMGs. The B content of the predictions was noticed 
to be lower than that of the experimentally determined BMGs. By the topological analysis, 
it was found that the space of interstitial sites was large enough to contain more than one B 
atom. Thus, the number of B atoms in the interstitial sites was modified to two and highly 
improved predictions were obtained. The good match of predictions and experimentally 
 vii 
determined BMGs verified that two B atoms in the interstices were possible and high B 
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Chapter  1  
Introduction 
 
The basic concepts about amorphous materials and metallic glasses are introduced first，
which is followed by a brief summary on the development of Fe-based bulk metallic 
glasses (BMGs)*. After that, recently proposed pinpoint strategy and the efficient cluster 
packing (ECP) model are reviewed. At last, the motivations for this project are introduced.  
 
1.1 Amorphous materials and metallic glasses  
 
 
An amorphous material is a solid in which there is no long-range order of the positions of 
the atoms. (Solids in which there is a long-range atomic order are called crystalline solids). 
Most classes of solid materials can be found or prepared in a glassy form. For instance, 
common window glass is an amorphous ceramic, many polymers (such as polystyrene) are 
amorphous, and even foods such as cotton candy are amorphous solids. Amorphous 
materials are widely used in our daily lives.  
 
Amorphous materials are often prepared by rapidly cooling molten material, such as 
window glass. The cooling reduces the mobility of the material's molecules before they can 
pack into a more thermodynamically favorable crystalline state. As the cooling is 
performed, the material changes from a supercooled liquid, with properties one would 
                                                        
*
 The boundary between ‘bulk’ and ‘thin’ is generally taken as 1 mm (in the smallest dimension) by 
researchers in this field. 
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expect from a liquid state material, to a solid.  
 
One kind of amorphous materials composed primarily of metallic elements, called 
metallic glass, is difficult to prepare and they were first experimentally synthesized  in 
1960 1. Cooling must be done extremely rapidly (>107 K/s) because metallic glass does not 
have a high melting temperature (as ceramics do) or a low crystallization energy (as 
polymers tend to). However, a variety of superior properties were discovered for this kind 
of material. For example, one of the superior properties is the exceptionally high strength 
that is much higher than that of its crystalline counterpart 2. The strength of high strength 
steel is about 1 GPa while that of the Fe-based metallic glasses is over 3 GPa, more than 3 
times higher 3. Another superior property is good ferromagnetism that makes metallic 
glasses a good choice for soft magnetic applications 2, 3, for example transformer cores, 
actuators and magnetic shielding materials. Amorphous ribbons are also the precursor for 
Nd-Fe-B hard magnets 4. The superior properties and some of the important application 
fields are summarized in Table 1.1. Therefore, metallic glasses are not only a new kind of 
materials but also important engineering materials with a variety of potential applications.  
 
After the first synthesis of metallic glasses in 1960 1, a variety of glass forming systems 
were discovered, for example Fe-, Zr-, Ca-, Au-, La-, Mg-, Nd-, Ti-, Co- and Ni-based 
systems 2. Among these systems, commercial products were already available for Fe-based 
and Zr-based alloys 5. In this project, Fe-based metallic glasses are focused on because of 
the low cost of iron, exceptionally high strength and superior magnetic properties, which 
may benefit the research and applications of metallic glasses. Glass forming ability (GFA), 
magnetic properties and atomic modeling are focused on as they are fundamentally 
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important for the study of metallic glasses. 
 
 Table 1.1  Fundamental characteristics and fields of application in which the metallic 
glasses have expected uses as engineering materials. 2 
 
Fundamental characteristic Application field 
High strength 
High hardness 
High fracture toughness 
High impact fracture energy 
High fatigue strength 
High elastic energy 
High corrosion resistance 
High wear resistance 
High viscous flowability 
High reflection ratio 
Good soft magnetism 
High frequency permeability 
High magnetostriction 
Efficient electrode (Chlorine gas) 
High hydrogen storage capacity 
Machinery structural materials 





Corrosion resistant materials 
Hydrogen storage materials 
Ornamental materials 
Composites materials 
Writing appliance materials 
Sporting goods materials 
Bonding materials 
Soft magnetic materials 
High magnetostrictive materials 
 
1.2 Glass forming ability 
 
 
Glass forming ability (GFA) is an intrinsic property of a solid to form a glass. To 
investigate GFA, the process to obtain metallic glasses is reviewed first. Glasses are 
frequently formed through the continuous cooling of liquids from above their liquidus 
temperature (Tl) to below their glass transition temperature (Tg). In order to eventually form 
a glass by continuous cooling, the crystallization has to be ‘successfully’ suppressed. 
Although crystallization is favored thermodynamically below the liquidus temperature Tl, it 
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is subjected to the control of the kinetics of crystal nucleation and growth such that it 
requires some time to proceed. Apparently, if a liquid were cooled instantaneously from 
liquidus temperature Tl to glass transition temperature Tg by a high cooling rate 
(approaching infinite), there would be no time for crystallization to proceed and the liquid 
would be directly frozen into a glass by going through a glass transition at Tg.  
 
The cooling rate required to form a practical glass is not infinitely high because the 
crystallization does not have to be completely suppressed. As long as the crystallized 
volume fraction in the resulted solid is beyond the detection limit of the characterization 
instruments, the resulted solid is considered a glass for practical purposes. This limiting 
crystallization volume fraction, fc, is often taken to be 10-6 (a value chosen rather arbitrarily) 
for all practical glasses 6. Hence, corresponding to this fc, there is a finite critical cooling rate 
Rc for each liquid. A liquid can form a glass if and only if the actual cooling rate is higher 
than its Rc. The critical cooling rate depends on the thermodynamics and kinetics and may 
vary significantly from one liquid to another. For example, the liquid of multi-component 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy has an Rc around 1.4 K/s 7, while the liquid of binary 
Zr65Be35 alloy has an Rc around 107 K/s 8. The critical cooling rate is the ultimate judgment 
factor for the GFA of a liquid. Obviously, a liquid with a lower Rc has a better GFA.  
 
Experimentally, there are many different methods to cool a liquid into a glass. As for 
metallic glasses, the common cooling methods include melt spinning, splat quenching, metal 
(usually copper) mold casting, water quenching and others 9. In this thesis, melt spinning 
and copper mould casting are utilized. For melt spinning, the cooling rate is adjusted by the 
wheel speed that is related to the thickness. For copper mould casting, the cooling rate is 
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adjusted by the diameter of the cavity in the copper mould. Based on the general 
knowledge of alloys, an equation to calculate the cooling rate against the sample thickness 
was deducted as 10:  
R=10/Z2                    (1.1) 
where R is the cooling rate in K/s and Z is the lowest dimension of ingots in cm. Therefore, 
GFA can be conveniently scaled by the critical thickness (for ribbons) or diameter (for rods) 
Zc of samples.  
 
For a certain alloy system, GFA generally changes greatly and depends highly on 
compositions 5. The dependency of GFA upon compositions results in a “best glass 
former” that has the best GFA and the lowest critical cooling rate Rc (i.e. the largest critical 
thickness Zc. To find out Zc, multiple values of sample thickness have to be tested; each 
value requires a casting and subsequent inspection with characterization instruments like 
an X-ray diffractometor.) 11. Although multiple optimum glass formers are possible in one 
alloy  system 12, the best glass former can be located within a compositional area based on 
the “contour map” of the critical thickness Zc.    
 
1.3 Development of Fe-based BMGs  
 
 
After the first synthesis of the Fe-based amorphous alloy in Fe-P-C system in 1967 13, a 
large number of Fe-based amorphous alloys produced by rapid solidification (in ribbons) 
were developed in Fe-P-B 14, (Fe, Co, Ni)-P-B 14, (Fe, Co, Ni)-Si-B 15, (Fe, Co, Ni)-(Cr, 
Mo, W)-C 16, (Fe, Co, Ni)-Zr 17, (Fe, Co, Ni)-Hf 18 and (Fe, Co, Ni)-(Zr, Hf, Nb)-B 19 
systems. For the subsequent 15 years between 1981 and 1995, there was little progress in 
the synthesis of new Fe-based amorphous alloys. The Fe-based amorphous a1loys 
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mentioned above have poor GFA and require high cooling rates above 105 K/s. The 
amorphous samples are melt-spun ribbons that are limited to a thin thickness range less 
than 50 µm 20-22. Hence, novel Fe-based alloys with higher GFA (i.e. a larger critical 
thickness Z) are required.  
 
In 1995, a new class of Fe-based metallic glasses with a high GFA and a large 
supercooled liquid region above 50 K before crystallization was found and Fe-based 
BMGs were synthesized by the copper mold casting 23, 24. After that, a variety of Fe-based 
BMGs were discovered, such as Fe-(Al, Ga)-metalloid 23, 24, Fe–(Mo, Co, Ga)–(P, C, B, Si) 
25-27
, (Fe, Co, Ni)–TM–B (TM=Zr, Hf, Nb, Ta, Mo, W) 28, 29,  Fe–(Ta, Nb)–(Cr, Mo)–C–B 
30, 31
 and Fe–Ni–P–B 32. Most of these glasses are of the type M80–m20, where M stands for 
one or more metallic elements and m for one or more non-metals or metalloids. In addition, 
most of these glasses were developed under the guidance of ∆T (introduced below) 
proposed by Inoue 2.  
 
1.3.1 Conventional methods for the development of Fe-based BMGs 
 
 
Since the first discovery of metallic glass in 1960s, continuous efforts have been devoted to 
the establishment of a simple and universal criterion to find BMGs. To date, quite a number 
of such criteria have been proposed.  
1. Confusion principle: It has been proposed by Greer 33, which states that “the more 
elements involved, the lower the chance that the alloy can select viable crystal 
structures, and the greater the chance of glass formation”. Generally speaking, BMG 
forming systems consist of more than three elements 2. For Fe-based amorphous 
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alloys, other elements were commonly added based on the confusion principle to 
increase the GFA. In fact, the Fe-based BMGs generally consist of more than 5 
elements. 
2. ∆T: ∆T is defined by Inoue 2 as the temperature difference between the glass 
transition temperature Tg and the onset crystallization temperature Tx. The larger 
the ∆T, the higher the stability of the glass phase. ∆T is widely used for the 
development of Fe-based amorphous alloys. 
3. Trg: The reduced glass transition temperature Trg is defined as Trg=Tg/Tl, where Tg 
and Tl are the glass transition and liquidus temperatures, respectively. It was 
proposed by Turnbull 6 that a glass tends to form easily from a liquid with a high Trg.  
4. Large atomic mismatch: Bulk metallic glass formation requires, or prefers, 
significantly different atomic sizes (>12%) among main constituents 2.  
5. Heats of mixing: Large negative heats of mixing among the constituent elements 
are reported to enhance the GFA. 2  
6. γ: γ is defined as Tx/(Tg+Tl) and was introduced by Lu et al. 34. γ was proposed 
from the perspectives of both amorphization and devitrification processes. A larger γ 
value indicates a better GFA. 
 
Amongst these criteria, the confusion principle and the ∆T criterion were generally 
utilized for the development of Fe-based metallic glasses. Two typical Fe-based BMG 
categories, Fe-(Al, Ga)-Metalloid and (Fe, Co)-Ln-B (Ln = lanthanide), were reviewed to 
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1.3.2 Fe-(Al, Ga)-Metalloid 
 
The first Fe-based BMG was obtained at Fe73Al5Ga2P11C5B4 in a critical diameter of 1 mm 
in 1995 24. Sequentially, the critical thickness Zc was improved to 4 mm by the confusion 
principle. These BMGs were developed from a binary starting point Fe80B20, which is the 
best glass former for Fe-B alloys. The development from the Fe-B starting point to 
Fe73Al5Ga2P11C5B4 by the confusion principle was illustrated by compositional changes in 
Table 1.2. To make it readable, the constituents were grouped into two categories: metals 
(M) and metalloid (m). The equivalent content of each category (M or m) was calculated.  
 
From the starting point Fe80B20, B was firstly substituted by P and C, and the alloy 
Fe80(P11C5B4) showed a ∆T of 24 K. After that, Fe was substituted by Al or Ga and the ∆T 
was improved further to 31-36 K. When Fe was substituted by Al and Ga in the same time, 
the BMG was obtained in Fe73Al5Ga2P11C5B4 with a diameter of 1 mm and ∆T was 
increased to 50 K. The compositions in Table 1.2 are strictly in the form of M80m20. 
Table 1.2 Development of selected Fe-(Al,Ga)-Metalloid metallic glasses. 
 
Equivalent C., 
at.% Alloys ∆T K 
Zc 
mm M m 
Ref. 
Fe80B20 49 <0.05 80 20 35 
Fe80P11C5B4  24 <0.05 80 20 24 
Fe75Al5P11C5B4  36 <0.05 80 20 24 
Fe78Ga2P11C5B4  31 <0.05 80 20 24 
Fe73Al5Ga2P11C5B4   50 1 80 20 24 
      
Fe74Mo4Ga2P12C4B4 60 2 80 20 25 
Fe65.5Cr4Mo4Ga4P12C5B5.5 61 4 77.5 22.5 27 
 
 
To synthesis BMGs with a better GFA, the number of constituents was further 
increased by additions Mo, Cr and Co. ∆T was increased further to 61 K and the critical 
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thickness Zc reached 4 mm at alloy Fe65.5Cr4Mo4Ga4P12C5B5.5. 
 
From Table 1.2, the Fe-(Al,Ga)-Metalloid BMGs were all multicomponent (at least 6 
constituents) and in the form of M80m20, indicating the development from the binary 
starting point Fe80B20.  
 
1.3.3 (Fe, Co)-Ln-B 
 
(Fe, Co)-Ln-B alloys (Ln=lanthanide) were another category of Fe-based metallic glasses 
developed by the confusion principle from the binary starting point Fe80B20, which is the 
best glass former for Fe-B alloys. Nd was added to Fe80B20 and Fe70Nd10B20 was developed. 
To improve the GFA, Fe was substituted by Co, and Nd was substituted by other 
lanthanide elements such as Pr, Sm, Gd, Tb, Dy and Er. The largest critical thickness so far 
for (Fe, Co)-Ln-B alloys was 0.6 mm for Nd3Dy1Fe66Co10B20 (five constituents).  
To further improve the GFA of (Fe, Co)-Ln-B alloys, transition metal (TM) elements, 
such as Zr, Nb, Ta, Mo and W, were added according to the confusion principle. BMGs 
were synthesized and the critical thickness reached 1.2 mm at (Fe60.3Co9.2)TM2Nd3Dy0.5B25 
(TM = Nb, Ta, Mo, and W) that consisted of six constituents. Compositions of most 
metallic glasses in this category were in the form of M80m20 (Table 1.3).   
 
As (Fe, Co)14BLn2 phase was the best hard magnetic phase reported so far 4, good hard 
magnetic properties were expected for (Fe, Co)-Ln-B alloys after annealing from metallic 
glasses. For Fe14BNd2, the maximum energy product ((BH)max) reached 104 kJ/m3 after 
optimum annealing. For Fe-B-Nd based multicomponent alloys (Zc <1 mm), the (BH)max 
was about 70-100 kJ/m3. For Fe64Co7Zr6Nd3B20 and Fe60.3Co9.2TM2Nd3Dy0.5B25 (Zc ≥ 1 
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mm), no hard magnetic properties were reported. 36-38  
 
 
Table 1.3  Development of selected (Fe, Co, Ni)-Ln-B metallic glasses. 
 
Equivalent C., 
at.% Alloys ∆T /K 
Zc 
/mm M m 
(BH)max 
/kJ/m3 Ref. 
Fe80B20 49 <0.05 80 20  35 
Fe70Nd10B20  - <0.05 80 20 <104 39 
Fe63Co7Nd10B20  - <0.05 80 20 - 39 
Fe66.5Co10Nd3.5B20 40 <0.05 80 20 86 40 
Fe63Co7Nd6Zr4B20  ~40 <0.05 80 20 13 39 
Fe64Co7Zr6Nd3B20  67 1 80 20 - 36 
Fe80-x-yCoxLnyB20  
(Ln=Nd, Sm, Tb, Dy)  20-40 <0.05 80 20 - 41, 42 
Fe62Co9.5Ln3.5B25 
(Ln=Pr, Nd, Sm, Gd, Tb, 
Dy, Er) 
51-63 <0.05 75 25 - 43 
Fe66.5Co10Pr3.5B20 43 0.5 80 20 96 44 
Fe67Co9.4Nd3.1Dy0.5B20  48 0.5 80 20 93 45 
Fe66Co10Nd3Dy1B20 - 0.6 80 20 74 46 
       
Fe65Co10Ti0.5Zr0.5Nd3Dy
1B20 
- 0.3 80 20 - 46 
Fe65Co10Ti0.5Zr0.5Nd4B20 - 0.5 80 20 - 46 
Fe65Co10Mo0.5Zr0.5Nd4B
20 
- 0.5 80 20 - 46 
Fe62Co10Cu1Nb3Nd3Dy1
B20 
- 0.5 80 20 - 46 
Fe63Co10V3Nd3Dy1B20 - 0.4 80 20 - 46 
Fe60.3Co9.2TM2Nd3Dy0.5
B25  
(TM=Nb, Ta, Mo, W) 




Although Fe-B-Nd based alloys showed good hard magnetic properties, the GFA of 
those alloys was poor compared with that of other Fe-based BMGs. The industrial process 
of Fe-Nd-B permanent magnets (bonded) began from amorphous ribbons (<50 µm), and 
several steps (4-6) 4 were needed to obtain the final bulk Fe-Nd-B magnets. By the 
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discovery of novel alloys with high GFA, the product efficiency could be improved and 
processing steps could be simplified to reduce the cost and facilitate the applications.  
 
 
Before 2003, the largest critical size Zc for Fe-based BMGs was only 6 mm, much 
smaller than that of Zr-, Mg- or Pd- based BMGs. Recently, the critical size was improved 
greatly by several groups. Lu et al. 47, 48 reported that the addition of a small amount Y can 
improve GFA greatly. Developed from the base alloy Fe50Mn10Mo14Cr4C16B6 (Zc= 4 mm), 
the alloy (Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 had a superior GFA and the critical 
thickness reached 12 mm. At the same time, Ponnambalam et al. 49, 50 also found that some 
Ln elements as well as Y could improve the GFA of Fe-based BMGs. Developed from the 
base alloy Fe50Cr15Mo14C15B6 with Zc=1.5 mm, the critical thickness of 
Fe48Cr15Mo14C15B6Y2 was 9 mm and that of Fe48Cr15Mo14C15B6Er2 reached 12 mm. 
Developed from the base alloy Fe48Cr15Mo14C15B6Y2 (Zc=9 mm), Co was added to 
substitute Fe by Shen et al. 51 and Zc reached 16 mm, almost 3 times as large as that of 6 
mm before 2003. All these BMGs with Y/Ln additions were listed in Table 1.4. They were 
all multicomponent (at least 6 constituents) and the Y/Ln content was low, ~ 2 at.%. The 
metalloid content (m) was about 21 at.% (Table 1.4), indicating that they were primarily in 
the form of M80-m20 and developed from the binary starting point Fe80B20.  
 
The mechanism of Y/Ln additions in improving GFA was discussed before. It was 
suggested by Lu et al.47 and Ponnambalam et al. 49, 52 that Y/Ln had the role of an oxygen 
scavenger in some glassy Fe-alloys, which led to the suppression of heterogeneous 
nucleation and improved glass formability. Lu et al. 48 also discussed that Fe-based alloys 
with Y/Ln additions was at or close to the deep eutectic, which is associated with the best 
GFA in a given system. Lu et al. 48 also pointed out that the minor addition of Y strikingly  
  















Equivalent C. at.% Base alloy Zc 
mm 
BMG Zc 
mm M (Y/Ln) m Ref. 
Fe61Zr10Co7Mo5W2B15 <5 Fe61Zr8Co6Al1Mo7B15Y2 5 83 2 15 47 
Fe50Mn10Mo14Cr4C16B6 4 
(Fe44.3Cr5Co5Mo12.8Mn11.2 
C15.8B5.9)98.5Y1.5 12 77.1 1.5 21.4 48 
Fe48Cr15Mo14C15B6Er2 12 77 2 21 50 Fe50Cr15Mo14C15B6 1.5 Fe48Cr15Mo14C15B6Y2 9 77 2 21 50 
Fe53Mn10Cr4Mo12C15B6 3 Fe51Mn10Cr4Mo12C15B6Er2 7 77 2 21 49 
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promoted glass formation in the Fe-(C, B) system via suppressing the formation of the 
primary phase (i.e. Fe carbides). However, all these explanations were based on the alloys 
consisting of more than 5 constituents. The complexity of these multicomponent alloys 
might obstruct the investigation of the role of Y/Ln in improving the GFA. 
 
1.4 Novel methods to find BMGs  
 
 
Since the first discovery of metallic glass in 1960, continuous efforts have been devoted to 
the establishment of a simple and universal criterion to locate BMGs. As a result, a number 
of such criteria have been proposed to date. Besides the methods mentioned in section 1.3.1, 
pinpoint strategy and efficient cluster packing (ECP) model were proposed and proven to 
be effective in the development of BMGs.   
 
1.4.1 Pinpoint strategy    
 
Pinpoint strategy was firstly proposed in 2003 53 that could explain the optimum 
glass-formers in an alloy system, both at eutectic and off-eutectic compositions. By this 
method, a glass-formation diagram not only showed the composition dependence of GFA, 
but also depicted the microstructure evolution as a function of cooling rate and 
composition. Based on the glass-formation diagram, a microstructure-based approach was 
formulated to guide the experimental search for, and eventually pinpoint, the best glass 
forming compositions in a given alloy system.54  
 
Upon cooling, a melt is frozen into a glass at Tg if the crystal nucleation can be avoided 
completely. But even when heterogeneous nucleation occurred as in most practical cases, a 
glass can still be formed if the growth of the nuclei is suppressed. By 
  
Chapter 1 Introduction 
 
 14 
time-temperature-transition (TTT) diagrams 55, glass formation can be treated as avoiding 
both nucleation and growth of crystals 55-60 to diminish crystal growth at high 
undercoolings 60. Although the nucleation rate is higher than 10-6/cm3s, the successive 
growth of those already formed nuclei may be suppressed and the remaining liquid can still 
form glass. By the above consideration, the premise for a derivation is justified as: the 
competition between glass formation and crystalline phase growth controls GFA; and a 
glass will form if its Tg isotherm is higher than the growth temperature of any of the 
possible crystalline phases. 
 
Previous study by Boettinger et al.60, 61 showed that in some cases, the transition from 
dendritic growth to eutectic growth with increasing growth rate for composition away from 
the eutectic determines the critical conditions for the avoidance of crystallization. His work 
was based on the phase selection principle that can be expressed as follows: the phase 
having the highest Txi (Txi is the growth/tip temperature of the ith crystalline phase), which 
is kinetically the most stable one, will be selected and experimentally observed in the 
solidified microstructure. Consequently, phase selection can be regarded as microstructure 
selection. When glass is included as a competing phase during phase selection, it will be 
selected when the glass transition temperature is higher than Txi of any competing 
crystalline phases (e.g. A, B, C…) 62-65. As Tg has a weak dependency on composition, it 
was treated as a constant. Thus the criterion for glass formation should be: 
x
g iT T≥  (x = Eu, A, B, …)                             (1.2) 
 
To quench a melt with certain composition into a glass, the growth rate (V) must be higher 
than any growth rates of other phases which may compete with the glass phase. i.e.: 
x
cV V≥  (x = Eu, A, B, …)                              (1.3) 
  





Figure 1.1 The growth temperatures of the constituents as a function of growth rate 




where Vcx is the growth rate of competing crystalline phases and VcEu is the growth rate of 
competing eutectic phase. Take a binary eutectic alloy for example; the dependence of 
V  vs. Ti is plotted in Figure 1.1 66-68. As V increases, the Txi decreases. If Txi is less than 
Tg, the crystalline phase growth of A, B and Eu is suppressed and glass is formed. 
Therefore, it is clear that when the growth rate V is larger than EucV , the melt will be 





























Figure 1.2 Schematic phase diagrams showing a symmetric (a) and a skewed (b) 
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As the composition changes, the plot of V  vs. Ti becomes much complicated 
(composites may form, please see Ref. 11 for details). Finally, the formation of glass or 
composites for composition near a binary eutectic is shown in Figure 1.2. A and B are the 
equilibrium phases on both sides of the eutectic. The alloys in a composition interval 
between min0C and 
max
0C  are the optimum glass formers with a critical growth rate of 
Eu
cV  
(where TEui=Tg). When compositions are away from the optimum glass former (i.e. 
C< min0C  or C>
max
0C ), the critical growth rate Vc for glass formation is higher than EucV . 
In the growth rate gap between Vc and EucV , composites with a glass matrix will be formed. 
If the slopes of the liquidus temperature Tl on both sides of eutectic are same, the plot is 
symmetric (Figure 1.2a). On the other hand, the plot is asymmetric and skewed to B side 




Figure 1.3  Schematic representation of the composition boundaries of the various 
structural regions for a fixed velocity and temperature gradient. The numbers 
refer to the regions described in the text. 69 
 
  




The pinpoint strategy can be easily extended to ternary systems (shown in Figure 1.3). 
Under a fixed cooling rate, there are five regions of different microstructures (for 
simplicity, all possible crystalline structures are treated as one region): 
Region 1: fully glass forming region; 
Region 2: glass matrix with one primary single phase. The primary single phase is related 
to the constitutional elements (i.e. A, B and C); 
Region 3: glass matrix with binary eutectic (depends on the composition, the binary 
eutectic can be any two from A, B and C); 
Region 4: glass matrix with a mixed reinforcing crystalline phases (binary eutectic and a 
primary single phase); 
Region 5: fully crystalline region. 
 
Based on the above discussions, a strategy to pinpoint the best glass former can be 
developed, which includes four steps: 
1). As we know that the best glass former would be around a eutectic alloy, either exactly 
at the eutectic composition (symmetric) or at a nearby off-eutectic composition (skewed). 
Thus the first step is to locate the eutectic composition in a given alloy system. An alloy 
system may have several eutectic points, the one with lower eutectic reaction temperature 
and larger slope of Tl has the priority. 
2). The second step is to cast a series of alloys into bulk samples. These alloys should lie 
on a composition line (such as lines a and b in Figure 1.3), crossing the eutectic 
composition. 
3). Microstructures of those samples in step 2 are carefully monitored. For example, there 
is a switch in microstructures from glass matrix composite reinforced by phase A to fully 
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amorphous, then to glass matrix composite reinforced by phase B. In this case, it can be 
concluded that the alloy forming fully amorphous sample is the optimized glass former. 
4). Step 2 to 3 can be repeated with other samples sizes to pinpoint the best glass former 
with the maximum critical size. 
  
For the first time, the pinpoint strategy perfectly explained why the best glass 
formation can only be achieved at off-eutectic compositions instead of those eutectic ones 
in some glass-forming systems, which is originated from the nature of the skewed zone. In 
addition, this model also successfully explained the formation mechanism for in situ glass 
matrix composites. By the pinpoint strategy, BMGs were successfully obtained in Cu-Zr 70 
and La-Al-(Cu, Ni) 53 systems.  
 
1.4.2 Efficient cluster packing model  
 
Efficient cluster packing (ECP) model 71 was a novel atomic structural model for the 
family of metallic glasses. Efficiently packed solute-centered atomic clusters 72-74 are 
retained as local structural elements. An extended structure is produced by idealizing these 
clusters as spheres and efficiently packing these sphere-like clusters to fill space. 
Face-centered cubic (f.c.c.) or hexagonal close-packed (h.c.p.) cluster packings are favored 
for glass formation, because they fill space most efficiently 75. Further, f.c.c./h.c.p. packing 
of solute-centered atomic clusters introduces a physical basis for the experimentally 
observed solute ordering beyond the nearest-neighbor shell 76-79. The internal strains 
degrade long-range order in cluster packing in ECP model, just as a small deviation from 
the preferred inter-tetrahedral Si–O–Si bond angle is sufficient to destroy long-range order 
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in silicate glasses 80, 81. Adjacent clusters share solvent atoms in common faces, edges or 
vertices so that neighboring clusters overlap in the first coordination shell. There is no 
orientational order amongst the clusters, so that the solvent atoms occupy random positions 
in this structure. This is an important distinction from the icosahedral glass model proposed 
for quasicrystalline structures 82. 
 
In addition to solvent atoms Ω and the primary cluster-forming solute species α, cluster 
ordering introduces two additional topologically distinct solutes—a secondary (β) solute 
that occupies cluster-octahedral interstices and a tertiary (γ) solute that occupies 
cluster-tetrahedral interstices. This structural model therefore contains four topologically 
distinct atomic constituents. The preferred size of α atoms relative to Ω is given by the 
discrete solute-to-solvent radius ratio R* values (Table 1.5) that produce efficient local 
packing in solute-centered atomic clusters 72. It has been shown that solute sizes that 
enable efficient atomic packing in the first coordination shell are strongly preferred for all 
solutes in metallic glasses 72, and so it is a fundamental feature of this model that β and γ 
solutes also possess discrete sizes R* relative to solvent atoms. The dense cluster-packing 
structure thus comprises interpenetrating arrays of efficiently packed solute-centered 
clusters. Even though long-range solute ordering is not included in this model, it is 
nevertheless useful to consider a unit cell of regularly positioned clusters as a 
representative structural element that extends over a restricted length scale. This enables 
the use of crystallographic terminology to describe atomic structure and packing over a 
medium-range length scale.  
 
The ECP model gives specific information on the relative sizes and relative number of 
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sites, based on the structural chemistry providing specific information regarding the 
relative number of sites (concentration) and the relative sizes of constituent atoms in 
inorganic crystalline structures. Consider a system where α solutes have R*α= 0.902 so that 
the local coordination number is Nα = 12. Solutes that occupy β and γ sites are chosen to 
have R*β = 0.799 and R*γ = 0.710 as required for efficient atomic packing in the first shell 
of solute-centered clusters with Nβ =10 and Nγ = 9, respectively 72. This model system is 
designated as <12-10-9> representing the coordination numbers of α, β and γ solutes, 
respectively. Glass systems are represented by any combination of 1, 2 or 3 solutes with 
0.6 ≤ R ≤ 1.4 (the range of R observed in metallic glasses, so that the coordination number 
N ranges from 8 ≤ N ≤ 19). The convention chosen is that the largest solutes are α atoms, 
and β and γ solutes are progressively smaller (i.e. R*α > R*β > R*γ).  
 
Table 1.5  Values of R*N and corresponding values of N. 72 
 
N R*N N R*N 
3 0.155 14 1.047 
4 0.225 15 1.116 
5 0.362 16 1.183 
6 0.414 17 1.248 
7 0.518 18 1.311 
8 0.617 19 1.373 
9 0.710 20 1.433 
10 0.799 21 1.491 
11 0.884 22 1.548 
12 0.902 23 1.604 
13 0.976 24 1.659 
 
 
A simple deduction was performed to calculate the concentrations with optimum GFA. 
An f.c.c. arrangement of α clusters provides 1 β site and 2 γ sites for each α site. The 12 Ω 
atoms in a given α cluster are shared between the central α solute and the 12 
nearest-neighbor α clusters in the f.c.c. lattice, so that there are 6 Ω atoms per α solute. 
  
Chapter 1 Introduction 
 
 22 
Thus, there are a total of 10 atoms per α site (6+1+2+1) and the atomic concentrations are 
Cα = 10%, Cβ = 10%, Cγ = 20% and CΩ = 60%. Appropriate changes are made for anti-site 
defects, so that a <12-10> system where all γ sites are occupied by β solutes will have 
concentrations Cα = 10%,Cβ = 30% and CΩ = 60%. Finally, a system with vacant sites will 
have a smaller total number of atoms per α site, so that a binary <12> glass where all β and 
γ sites are vacant will have a total of 7 atoms per α site with concentrations Cα = 14.3% and 
CΩ = 85.7%. For glass systems where Nα ≠ 12 the number of Ω atoms per α solute is 
generalized as [Nα/(1+(12/Nα)], where 12 represents the number of nearest-neighbor α 
clusters in an f.c.c. lattice. 
Table 1.6  Various glassy systems for which the predictions by ECP model were in good 
agreement with reported BMGs. 71 
 














The compositions were predicted in a variety of glassy systems based on ECP model 
(Table 1.6). Various glassy systems for which the predictions by ECP model were in good 
agreement with reported BMGs (see Ref 71). Among these BMGs, Zr-Ti-(Cu, Ni)-Be glass 
alloys represent several years of study and thousands of alloy iterations, and so are 
reasonable representations of alloys that provide optimum structural stability in this system, 
as measured by the maximum thickness of fully amorphous product that can be produced 
  
Chapter 1 Introduction 
 
 23 
at a fixed cooling rate. The capability provided by this structural model to predict the 
compositions of a wide range of simple and complex metallic glasses is remarkable. As a 
result, the ECP model provides specific guidance for the exploration and discovery of new 
bulk metallic glasses and replaces the general empirical guidelines established 
experientially over the past 40 years.  
 
Although ECP model has the ability to predict compositions with the best glass 
forming ability, the difference between some predictions and the largest BMGs reported 
was not negligible. For example, the Zr content difference between Zr-Ti-(Cu, Ni)-Be 
(Vitreloy 4) was more than 15 at.%. For a quinary alloy system, a large number of alloys 
were experimentally needed to explore to approach the composition of Vitreloy 4 









Recently, Y/Ln additions (~2 at.%) displayed a magic effect on enhancing the GFA of 
Fe-based BMGs and their effect was discussed extensively. However, it is unclear why the 
content of Y/Ln was so low (only ~2 at.%) though the GFA was improved substantially. To 
further increase the GFA of Fe-based alloys, the mechanism of Y/Ln in improving GFA 
had to be explored. It is known by the pinpoint strategy that the optimum glass former 
could be located by monitoring the microstructure evolution and the competing phases 
change. However, it was difficult to explore the competing phases in multicomponent (>3) 
systems because of the large number of possible phases and the lack of phase diagrams. 
Therefore, in this project simple ternary systems Fe-B-Y/Nd were selected which consisted 
of three representative constituents: Fe, B and Y/Ln. The advantages were obvious: it was 
easy to explore the competing phases and optimize the compositions to locate the best 
glass former; the phase diagram (available for ternary systems) would provide a new 
perspective to investigate the mechanism of Y/Ln quantitatively; the ternary best glass 
formers could be starting points to develop higher order alloys; and by the comparison of 
two best glass formers in different systems, useful information could be obtained to guide 
the alloy design in new systems with Y/Ln. Thus, GFA in Fe-rich corner of ternary 
Fe-B-Y/Nd systems was studied in detail and the competing phases were identified. The 
dependence of GFA on Y/Ln content was discussed. Based on these results, a novel 
mechanism of Y/Nd effect on GFA was proposed. The difference of the compositions of 
the best glass formers was discussed and guidance on the adjustment of Y/Ln content in 
different systems was provided.  
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The Fe-B-Nd based alloys were selected to study the GFA of quaternary alloys as well 
as to verify the effectiveness of ternary starting points on the development of quaternary 
BMGs. On the other hand, Fe-B-Nd permanent magnets were conventionally produced 
either by powdering/ sintering 83 or by rapidly quenching from the melt 84-86. Several steps 
were required to obtain a final product with optimal magnetic properties. Their 
disadvantages were obvious: high manufacturing cost, contamination (by oxidation) and 
long production cycle time 4, 87. It was of great significance that if one could produce bulk 
amorphous precursors (i.e. bulk metallic glasses or composites), the final product could be 
simply obtained through a one step annealing. This could reduce the manufacturing cost, 
minimize contamination and shorten cycle time. The first step was to synthesize larger 
BMGs as the largest critical diameter of Fe-B-Nd based alloys was only 1.2 mm in a six 
component system (Fe60.3Co9.2Nb2Nd3Dy0.5B25) 45. The GFA in a relatively simple 
quaternary Fe-B-Nd-Nb system was investigated. The fourth element Nb was chosen 
because of its effective role in enhancing glass formation in several Fe-based systems such 
as Fe-Si-B-Nb, Fe-B-Y-Nb and Fe-(Al, Ga)-(P, C, B, Si)-Nb 88, 89. The content of Nb was 
fixed at 4 at.% in order to reduce the complexity of the quaternary system studied. The best 
glass former was located and competing phases were identified. The microstructure was 
monitored and composites with principal hard magnetic phase Fe14Nd2B were expected. 
Heat treatments were taken to investigate the possibility of bulk hard magnet formation. A 
detailed study on hard magnetic properties was conducted. 
 
ECP model was a simple topological model and it could predict compositions with the 
best GFA. Good agreement between predictions and reported BMGs in various systems 
was observed. However, the predictions in Fe-B-Y/Ln or Fe-B-Y/Ln based systems were 
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far away from the BMGs because of the oversimplified assumptions. Thus, better 
predictions were expected by a modification. For Fe-B-Y/Ln based systems, the atomic 
size of B atoms was particularly smaller than that of Fe and Y/Ln atoms as well as the 
volume of the interstices (β or γ) sites. Hence, the number of B atoms in these sites was 
increased. The predictions by the modified ECP model were expected to give better 
agreement than those by the original ECP model with the best glass formers in Fe-B-Y/Ln 
or Fe-B-Y/Ln based systems.   
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Chapter  2  
Experimental Procedures 
 
The experimental procedures included master alloys preparation, samples preparation, heat 
treatment and sample characterizations.  
 
To prepare the master alloys with corresponding nominal compositions, a mixture of 
metals and B crystals (99.9%) were high melted by electric arc (arc melting) in a purified 
argon atmosphere. The purity of metals is Fe (99.95%), Y (99.9%), Nb (99.9%) and Nd 
(99.9%). The arc melting was performed using two furnaces: the MAM-1 mini arc melting 
system and the LSG 400 arc melting system. To promote homogeneity within the master 
alloys, all the ingots were melted and flipped 7-8 times. All compositions were expressed 
nominally in atomic percentage and were roughly controlled by monitoring the weight of 
each sample (weight loss was less than 1%). The dross and oxides in the surface of the 
ingots were removed by grinding. 
 
2.1 Melt Spinning 
 
The melt spinning technique was used to develop materials that require extremely high 
cooling rates to form, such as metallic glasses. The cooling rates achievable by melt-
spinning were on the order of 104-107 K/s 1. The melt spinning process was carried out 
using the Edmund Buhler D-7400 single roller chill block melt spinner in a vacuum 
chamber. The ingots from the master alloy were placed in a quartz tube having a nozzle of 
~ 0.9 mm in diameter. The tube was inserted vertically into the induction coil located in 
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the chamber. The chamber was evacuated to a pressure of less than 5.0 ⅹ 10-5 mbar before 
backfilling with purified argon gas to a pressure of 900 mbar. The ingots were re-melted 
by the inducted current till it became white. The pressure of the Ar gas in the crucible was 
then increased and the melt was ejected from the nozzle and hit the polished surface of the 
fast-rolling copper wheel. Thus, the melt rapidly solidified and formed ribbons. These 
ribbons were typically 3 mm wide and 25 to 100 µm thick at a wheel speed of 30 to 10 m/s. 
 
2.2 Chill Casting 
 
Chill casting techniques were one kind of continuous cooling methods and commonly used 
for the preparation of BMGs whose cooling rates were generally less than 103 K/s. The 
melt was shaped in the cavity of a copper mould and quenched at the same time by the 
large mass of copper. Two kinds of chill casting techniques were used here: suction casting 
and injection casting.  
 
2.2.1 Suction Casting 
 
The chill casting equipment was modified from the arc melting system (MAM-1) by 
replacing the original water-cooled copper crucible with a cylindrical copper mold. During 
casting, ingots were re-melted and then sucked into the copper mold by opening the valve 
which was connected to a pre-vacuumed chamber. The pressure difference between the 
sample and vacuum chambers (~1 bar) allowed the casting to be completed within several 
milliseconds, leading to the cylindrical products with diameters of 1 or 1.5 mm with a 
fixed length of 30 mm. 
  




Figure 2.1 Illustration of setup for the injection casting.  
 
2.2.2 Injection Casting 
 
The experimental setup of the injection casting is illustrated in Figure 2.1. The pieces of 
the ingot were placed in a quartz tube of 8 mm (ID) with a constriction of ~1 mm near the 
bottom. The quartz tube was inserted vertically into the induction coil and the bottom end 
was sealed by an o-ring into the copper mould. A sheet of ceramic paper was put on the 
copper mould for insulation. The chamber was evacuated to a pressure of less than 5.0 ⅹ 
10-5 mbar before backfilling with purified Ar gas to a pressure of 500 mbar. The ingots 
were re-melted by the inducted current till it became white. The pressure of the Ar gas in 
the crucible was then increased and the melt was ejected into the cavity through the 
constriction. The pressure difference between the melt and vacuum chambers was about 1 
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2.3 Heat treatment 
 
 
Heat treatment was commonly used to alter the microstructure and properties of a material. 
The heat treatment involved in this project was annealing followed by water quenching. 
By means of heat treatment, the phases after crystallization were examined and magnetic 
properties were studied under different conditions. Pieces of cast rods to be subjected to a 
specific heat treatment were placed inside a quartz tube. The tube was evacuated to 1 
mTorr and flushed with argon five times before finally being filled with argon to ~ 300 
mbar and sealed using an oxygen/acetylene flame. Argon was added to help the 
conduction of heat from the exterior to the samples. The sealed tube was placed into a tube 
furnace of Lenton Thermal Designs Limited when the desired temperature desired had 
stabilized (as determined using a thermocouple). The temperatures employed for the heat 
treatment were chosen based on the crystallization temperature of the respective sample. 
The sealed tube was quenched in a water bath after the isothermal process.  
 
2.4 Microstructure Characterization Techniques 
 
 
X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) are two fundamental 
methods to characterize samples. XRD is used to identify phases and SEM to observe the 
morphology of different phases.  
2.4.1 X-ray Diffraction (XRD) 
 
 
X-ray diffraction patterns of the samples were obtained by a Bruker analytical X-ray 
diffractometer (XRD) with Cu-Kα
 
radiation (λ = 1.54056 Å) operating at a current of 40 
mA and a voltage of 45 kV. The ribbon samples were secured onto the glass plate holder 
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using double-sided tape and affixed on the sample holder. The rod samples were crushed 
first by a mortar and the powders were affixed on the glass plate holder. The d-spacing 
values of the peaks (d) in the diffraction pattern were calculated using Bragg’s law:  
                       λ=2dsin(θ)                                                  (3.1) 
where λ is the wavelength of Cu K
α 
radiation (1.54056 Å) and θ is the Bragg angle of the 
maximum diffraction peak. The d-spacing values obtained were then compared with the 
standard Powder Diffraction File (PDF) for the identification of the crystallographic planes 
which indicated the phases present in the samples.  
 
The mean grain size for the selected samples was estimated by analyzing the line 
broadening of non-overlapping diffraction peaks. The representative peak of each phase 
was recorded by a step scanning program (step size [2θ]: 0.01 deg, time per step: 5 sec). 
The full widths at half maximum (FWHM) of the peaks were determined using the Profile 
Fit Program and denoted as Bu
 
(in radian). To correct for the broadening due to 
instrumental factors, the FWHM of the diffraction peaks corresponding to the Si standard 
with large grain size (and hence should not exhibit any broadening) located at not more 
than 2θ of 5 degrees from the peak of the respective phases were measured and denoted as 
Bs. The true breath (B) of the peak was then calculated using the equation  
2 2
u s
B B B= −                                                  (3.2) 











Chapter 2 Experimental procedures 
 
38 
2.4.2 Scanning Electron Microscopy (SEM) 
 
 
The microstructures of samples were examined by XL-FEG SEM. Samples were mounted 
first in cold setting resin, cured by adding one part of hardener to five parts of epoxy resin. 
They were then ground with silicon carbide papers (#100 - #1200) and polished with 
certain diamond suspensions (to 1 µm). The surfaces of samples were etched by nital (2% 
nitride acid alcohol) and gold-coated prior to the observation.  
 
 
2.5 Thermal Analysis 
 
 
Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the 
difference in the amount of heat required to increase the temperature of a sample and 
reference are measured as a function of temperature. Using this technique it is possible to 
observe melting and crystallization events as well as glass transition temperatures. DSC 
experiments were carried out in the NETZSCH 404 high temperature DSC (HTDSC). 
Samples were scanned over a temperature ranging from room temperature to up to 1800 K 
at a heating rate of 0.17 K/s in a purified argon atmosphere. The resulting HTDSC traces 
were analyzed by the Proteus Analysis program. The glass transition temperature, Tg was 
taken to be the inflection point. The crystallization temperature, Tx was taken to be the 
onset point of the exothermic peak. The melting temperature, Tm was taken to be the onset 
point of the first melting peak. The liquidus temperature, Tl was taken to be the ending 
temperature of the last melting peak. The resolution of HTDSC temperature measurements 
is 3-5 K. 
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2.6 Magnetic Characterizations 
 
 
Coercivity, saturation magnetization and maximum energy product were measured to scale 
the ferromagnetic properties of Fe-based alloys. Magnetic measurements were carried out 
on a LakeShore Model 7407 VSM with a maximum field of 1592 kA/m at room 
temperature controlled by an IDEAS-VSM software system. A small piece of 20-100 mg 
was affixed onto the sample holder. The sample holder was then attached to the lower end 
of a rigid rod and placed into the specimen chamber. The sample was vibrated in a 
generated magnetic field, so that the oscillation would induce an AC signal with an 
amplitude proportional to the magnetic moment in a set of suitably placed pickup coils. 
Magnetic moments of the samples were recorded as a function of the magnetic field to 
obtain a hysteresis loop.  
 
2.7 Mechanical analysis 
 
 
Uniaxial compression testing and static indentation test were carried out to study the 
mechanical properties of the metallic glasses. Uniaxial compression testing was conducted 
at room temperature with a constant engineering strain rate of 10-4 s-1 on an Instron-type 
machine. The test specimens had a nominal aspect ratio of ~2:1 as recommended by 
ASTM E9-89a (2000) for testing high strength materials. The compression samples were 
sandwiched between two WC bearing blocks and their ends were lubricated by Black 
MOLY (molybdenum disulfide in a premium grease). Each sample was carefully centered 
on the loading axis to ensure uniaxial loading, and true applied strains were calculated 
from the crosshead displacement after correction for machine compliance. 
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Specimens for indentation tests were mounted first by epoxy and mechanically 
polished to a mirror finish. Static indentation tests were performed under a Leco micro-
hardness tester with a Vickers indenter at a load of 500 g and 1000 g. The hardness was 










1 A. Inoue, Acta Materia. 48, 279 (2000). 
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Chapter  3   
Glass forming ability in Fe-Rich  
Fe-B-Y and Fe-B-Nd Systems 
 
 
Bulk amorphous alloys have been drawing increasing attention in recent years due to their 
scientific and engineering significance 1-5. Much effort has been devoted to synthesizing 
Fe-based bulk metallic glasses (BMGs) with good glass forming ability. To date, two 
classes of Fe-based BMGs have been reported: non-ferromagnetic (such as 
Fe-Mn-Cr-Mo-C-B, Fe-Cr-(Ln, Y)-Mo-C-B) 6-9 and soft magnetic (such as Fe-(Al, 
Ga)-P-B-C 10, 11, Fe-TM (TM=Co, Zr, Nb, Ta, Mo, W)-B) 6, 12. For Fe-based 9 as well as 
Zr-based BMGs 13, 14, a small amount of Y (usually Y ~2-4 at%) or Y/Ln (Ln are 
lanthanides) addition was found to be an effective method to improve the glass forming 
ability. The beneficial effect of Y on glass formation was considered as (1) Y improved the 
manufacturability of these alloys by scavenging the oxygen impurity from it via the 
formation of innocuous yttrium oxides, (2) Y adjusted the compositions closer to the 
eutectic and thus lowered their liquidus temperature, and (3) appropriate atomic-size 
mismatch and large negative heat of mixing between Y and existing constitute elements 6-14. 
Because of the above interpretations many believed that the glass forming ability is 
improved by the minor amount of Y addition. 
 
On the other hand, based on the understanding that the glass formation is a phase 
selection process, we have derived that the best glass former is surrounded by the alloys 
with ability to form similar-sized composite 15. Thus, as a function of alloy composition 
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the microstructure in a cast sample with an appropriate size would change from a 
composite (a primary phase in the amorphous matrix), to fully amorphous, and then to 
another composite (a different primary phase in the amorphous matrix) 16-18. Furthermore, 
the amount of the crystalline phase in the matrix will decrease when the alloy is closer to 
the best glass former 18. In essence, our microstructure-based practical strategy is 
monitoring the microstructure evolution with composition and eliminating the crystalline 
phases present in the amorphous matrix, to pinpoint the best glass former       
eventually 15,16-18 . 
 
Therefore, the GFA in a ternary Y containing system (Fe-B-Y) was studied in detail. 
Based on the understanding of Y effect, a similar study on the GFA was carried out in a 
similar ternary system (Fe-B-Nd) as Nd and Y had the same outermost electron 
configuration which indicated similar chemical properties.   
 
3.1 GFA study in Fe-rich corner of Fe-B-Y system 
 
As most of the Fe based amorphous alloys investigated contain Fe and B, it is natural to 
study the effect of Y on GFA using Fe-B-Y as a base and model system which has never 
been studied before.  
 
3.1.1  Melting study 
The phase diagram of isothermal section in Fe-rich corner of Fe-B-Y system is shown in 
Figure 3.1 19. In this corner, there are two ternary equilibrium phases: Fe4B4Y and Fe14BY2. 
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Note that for the reported Fe-based BMGs with a diameter of >10 mm, Y content was 
about 2 at.% and B content was about 21 at.%. Therefore, the compositions in phase 
triangle Fe-Fe2B-Fe4B4Y were focused on. For alloys in this phase triangle, the maximum 
Y content is around 11 at.%, limited by Fe4B4Y while the maximum B content is up to 44 
at.%.  
 
 Figure 3.1 Isothermal section in Fe-rich corner of Fe-B-Y system. Intermetallic 1 is 
Fe14BY2. 19  
 
This isothermal section is the only phase diagram available for Fe-B-Y system. As 
glass formation is generally related with eutectic and especially with deep eutectic 15, 20, it 
is necessary to carry out the melting study and locate the eutectic composition. Thus, the 
GFA study in the Fe-rich corner of ternary Fe-B-Y system was started by the melting study 
and the location of the eutectic composition. To do this, three alloy series were designed: 
Fe80-3.2xB20+2.2xYx (x=1.5 to 7), Fe70-xB30Yx (x=2.3 to 8.3) and Fe95.7-yByY4.3 (y=12.5 to 35).  
 
Alloy series Fe80-3.2xB20+2.2xYx (x=1.5 to 7) are on the line from Fe80B20 to Fe4B4Y and 
the effect of the ternary phase Fe4B4Y on the melting behavior was studied. Alloy series 
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the melting behavior. Similarly, alloy series Fe95.7-yByY4.3 (y=12.5 to 35) with a fixed Y 
content was to study the effect of B content on the melting behavior. The melting behavior 
of alloys was studied by high temperature DSC (HTDSC). The alloys studied are shown in 
Figure 3.2.  




















Figure 3.2 Three alloy series for melting study: Fe80-3.2xB20+2.2xYx (x=1.5 to 7), 
Fe70-xB30Yx (x=2.3 to 8.3) and Fe95.7-yByY4.3 (y=12.5 to 35). 
 
The melting curves (HTDSC traces) for alloys Fe80-3.2xB20+2.2xYx (x=1.5 to 7) are 
shown in Figure 3.3. The dependency of liquidus temperature Tl and melting temperature 
Tm on Y content is plotted in Figure 3.4. There are two melting peaks observed for each 
trace, which indicates that these alloys are away from the eutectic composition. The 
melting temperature Tm and liquidus temperature Tl of Fe80B20 are known to be 1447 K 
and 1530 K respectively from the phase diagram 21. As Y content increases, the ending 
point of the last peak moves towards a higher temperature of up to 1660 K while the onset 
point of the first peak drops to 1396 K and then remains almost unchanged. The melting  
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Figure 3.3  Melting behavior for alloys Fe80-3.2xB20+2.2xYx (x=1.5 to 7).  



















Figure 3.4  Tm and Tl as a function of Y content for alloys Fe80-3.2xB20+2.2xYx (x=1.5 to 7). 
 
behavior of alloys Fe80-3.2xB20+2.2xYx indicates that all alloys have the same eutectic reaction 
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eutectic (Fe82.5B17.5, 1447 K). The liquidus temperature Tl increases as the composition is 
close to Fe4B4Y. 
 
Figure 3.5 shows the HTDSC traces for alloys Fe70-xB30Yx (x=2.3 to 8.3). The 
dependency of melting temperature Tm and liquidus temperature Tl on Y content is 
revealed in Figure 3.6. There are two melting peaks in each trace, which indicates that 
these alloys also are away from the eutectic composition. As the Y content increases, the 
offset point of the last peak varies in a narrow temperature range, while the onset point of 
the first peak remains almost unchanged. The melting behavior of alloys Fe70-xB30Yx 
indicates that Tl is not sensitive to Y content in the Fe-rich corner. And they have the same 
Tm of 1396 K. 
 
Figure 3.7 shows the HTDSC traces for alloys Fe95.7-yByY4.3 (y=12.5 to 35). The 
dependency of Tl and Tm on B content is plotted in Figure 3.8. As B content increases, the 
shape of melting peaks changes greatly. For y=12.5, the curve comprises two close melting 
peaks, while the curve for y=17.5 only shows one strong melting peak. The minimum 
interval between Tm and Tl is 30 K for Fe78.2B17.5Y4.3. This minimum interval strongly 
indicates that there should be a eutectic nearby. The further increase in B content causes 
the offset point of the last melting peaks moves towards a higher temperature, which can 
be clearly seen from the curves for y=20 to 35. At the same time, the onset point of the first 
peaks remains almost unchanged at 1396.4 K and the intensity of the endothermic peaks 
decreases as B content increases from 17.5 to 35%. Thus from Figure 3.7, the liquidus 
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Figure 3.5  Melting behavior for alloys Fe70-xB30Yx (x=2.3 to 8.3).  
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Figure 3.7 Melting behavior for alloys Fe95.7-yByY4.3 (y=12.5 to 35).  
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Table 3.1  Summary of Tm and Tl of Fe-B-Y alloys studied. 
 
Alloys Tm /K 
Tl 
/K 
Fe70-xB30Yx x=2.3 1395 1662 
 3.3 1396 1643 
 4.3 1396 1640 
 5.3 1397 1654 
 6.3 1396 1675 
 7.3 1395 1665 
 8.3 1396 1677 
Fe80-3.2xB20+2.2xYx x=1.5 1396 1577 
 2.9 1397 1596 
 3.45 1396 1608 
 4 1395 1606 
 4.3 1396 1639 
 5 1396 1653 
 5.4 1395 1660 
 5.8 1396 1658 
 7 1396 1659 
Fe95.7-yByY4.3 y=12.5 1396 1524 
 15 1396 1470 
 17.5 1397 1430 
 20 1396 1471 
 22.5 1395 1526 
 25 1396 1569 
 27.5 1396 1586 
 30 1397 1609 
 32.5 1396 1643 
 35 1396 1660 
 
 
The values of Tm and Tl for alloys studied are summarized in Table 3.1. The melting 
temperature Tm remained almost unchanged at around 1396 K. The liquidus temperature Tl 
changed greatly as B content increased, indicating that Tl was sensitive to the B 
concentration. The minimum interval between Tm and Tl was about 30 K for Fe78.2B17.5Y4.3. 
It was strongly suggested that there should be a minimum temperature for the Tl, 
corresponding to the eutectic temperature. 
  


















Figure 3.9 Melting behavior for alloys around Fe78.2B17.5Y4.3 (d): Fe78.2B18.5Y3.3 (a); 
Fe79.2B17.5Y3.3 (b); Fe79.2B16.5Y4.3 (c); Fe77.2B18.5Y4.3 (e); Fe77.2B17.5Y5.3 (f) and 
Fe78.3B16.5Y5.3 (g). The peak splitting is indicated by arrows. 
 
Subsequently several alloys around Fe78.2B17.5Y4.3 (d) (having the minimum Tl), 
Fe78.2B18.5Y3.3 (a); Fe79.2B17.5Y3.3 (b); Fe79.2B16.5Y4.3 (c); Fe77.2B18.5Y4.3 (e); Fe77.2B17.5Y5.3 (f) 
and Fe78.3B16.5Y5.3 (g), were designed to locate the eutectic. HTDSC traces for these alloys 
are shown in . The ending point of the last peak is discernible for curves (b) to (d), (f) and 
(g), while the onset point of the first peak remains almost unchanged at 1396 K. Amongst 
these traces, curve (d) shows one single melting peak while other curves show evidence of 
peak splitting. Therefore the eutectic can be located at Fe78.2B17.5Y4.3, which is indicated by 
the circle in Figure 3.2.  
 
Figure 3.10 shows the 3-dimensional liquidus surface that was constructed mainly 
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based on Tl of the alloys shown in Figure 3.2. By the melting study, it can be concluded 
that the Tl is highly sensitive to B content. There is a deep valley along the monovariant 
line with a fixed B content of ~17.5% from binary eutectic Fe83B17 to ternary eutectic 
Fe78.2B17.5Y4.3. The highest slope of Tl could be obtained as Y content is fixed. Tm of all 
alloys studied remains almost unchanged at 1396 K, indicating that these alloys undergo 
the same eutectic reaction. 
 




















































Figure 3.10 3D plot of Tl in the Fe-rich corner of Fe-B-Y system. The best glass former 
Fe71.2B24Y4.8 is indicated (a solid circle).  
 
3.1.2 GFA study in Fe-rich corner 
After successfully investigating the melting behavior and locating the eutectic composition 
in the Fe-rich corner, the GFA of these alloys was examined for the as-spun ribbons (at a 
wheel speed of 30 m/s). A glass forming zone was defined. Sequentially, the best glass 
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former was located within the glass forming zone. The ribbon samples were prepared by a 
single-roller melt-spinner. Their amorphicity was examined by the X-ray diffraction (XRD) 
and the glass transition and crystallization events by HTDSC.  
 
3.1.2.1  Results for Fe95.7-yByY4.3  
 
The X-ray diffractogram of ribbon samples for alloys Fe95.7-yByY4.3 (y=17.5 to 35) are 
shown in Figure 3.11. It can be clearly seen that most of these ribbons are amorphous, 
which display no significant diffraction peaks but amorphous humps. The main amorphous 
hump occurs at around 45= (2θ). However, the X-ray diffractogram of Fe78.2B17.5Y4.3 shows 
one sharp peak over the main amorphous hump, which indicates the presence of crystalline 
phase in the sample. This crystalline phase is identified to be α-Fe. Therefore, the GFA of 
the Fe78.2B17.5Y4.3 is inferior to that of other Fe95.7-yByY4.3 alloys and a higher cooling rate 
is needed to obtain the fully amorphous state.  
 
Thermal analysis on the as-spun samples for Fe95.7-yByY4.3 (y=17.5 to 35) was carried 
out by HTDSC measurements at a constant heating rate of 0.17 K/s and the traces are 
shown in Figure 3.12. For the fully amorphous ribbons (y≥ 20), each curve experiences a 
glass transition, followed by a super-cooled liquid region. Further heating causes the 
super-cooled liquid to crystallize and the latent heat is then released, which resulted in the 
exothermic peaks. For Fe80.7B15Y4.3, there are four apparent exothermic peaks. As the B 
content increased from 15 to 35%, the first exothermic peak moves towards a higher 
temperature while the last exothermic peak moves towards a lower temperature and the 
intensity becomes weaker and weaker. 
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Figure 3.11 XRD spectra for melt-spun ribbon samples for alloys 
Fe95.7-yByY4.3 (y=17.5 to 35). 















Figure 3.12 HTDSC traces for as-spun ribbon samples of alloys 
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Table 3.2 Thermal properties for as-spun ribbon samples of alloys 
Fe95.7-yByY4.3 (y=15 to 35). 
 
Alloy Tg(K) Tx(K) ∆T(K) Trg γ 
y=15 - 818 - - - 
17.5 805.0 835 30 0.56294 0.3736 
20 824.5 866 41.5 0.5554 0.37733 
22.5 838.7 881.8 43.1 0.5529 0.3729 
25 858.4 907.3 48.9 0.5472 0.37381 
27.5 875.4 921.1 45.7 0.5521 0.37428 
30 890.5 928 37.5 0.5535 0.37127 
32.5 917.2 949.7 32.5 0.5582 0.37092 
35 949.8 971.8 22.0 0.5723 0.37241 
 
 
The values of glass transition temperature (Tg), onset crystallization temperature (Tx) and 
the conventional GFA indicators ∆T, Trg and γ for melt-spun ribbons are listed in Table 3.2. 
It can be found that Tg and Tx increase monotonically as the B content increases from 20 to 
35%.  
 
3.1.2.2  Results for Fe70-xB30Yx 
 
The X-ray diffractograms of ribbon samples for Fe70-xB30Yx (x=3.3 to 8.3) alloys are 
shown in Figure 3.13. It can be clearly seen that most of these ribbons are fully amorphous, 
which display no significant diffraction peaks but amorphous humps. However, the X-ray 
diffractogram of the Fe66.7B30Y3.3 shows one sharp peak over the main amorphous hump, 
which indicates the presence of crystalline phase in the sample. This crystalline phase was 
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Figure 3.13 XRD spectra for melt-spun ribbon samples for alloys Fe70-xB30Yx (x=3.3 to 
8.3).   
 













Figure 3.14 HTDSC traces for as-spun ribbon samples of alloys Fe70-xB30Yx 
(x=3.3 to 8.3)  
 
    Fe2B 
Tg 
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Table 3.3 Thermal properties of as-spun ribbon samples for alloys 
Fe70-xB30Yx (x=3.3 to 8.3). 
 
Alloy Tg (K) Tl (K) Tx (K) Trg ∆T (K) γ 
x= 3.3 889.7 1643.3 913.8 0.5414 24.1 0.36076 
4.3 892.2 1639.5 928 0.5433 37.5 0.36687 
5.3 899.2 1653.8 957.3 0.5459 52.4 0.37357 
6.3 905.0 1674.7 954 0.5403 50.3 0.37028 
7.3 908.1 1665.2 945.6 0.5466 34.4 0.36677 
8.3 912.5 1676.7 938.5 0.5449 24.1 0.36202 
 
 
Figure 3.14 shows the HTDSC traces for the as-spun ribbon samples of Fe70-xB30Yx 
(x=3.3 to 8.3). For the fully amorphous samples (x≥ 4.3), each curve clearly experiences a 
glass transition, followed by a super-cooled liquid region. There are two apparent 
exothermic peaks in the trace of Fe66.7B30Y3.3. As the Y content is increased from 3.3 to 
8.3%, the crystallization events change from multiple peaks (x = 3.3) to single peak (x = 
5.3).  
 
The values of glass transition temperature (Tg), onset crystallization temperature (Tx) 
for alloys Fe70-xB30Yx (x=3.3 to 8.3) are listed in Table 3.3. It can be seen that as the Y 
content increases from 3.3 to 8.3%, Tg increases monotonically while Tx reaches a 
maximum value at x = 5.3 and then descends continuously. The conventional GFA 
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3.1.2.3  Results for Fe80-3.2xB20+2.2xYx  
The X-ray diffractogram of the ribbon samples for alloys Fe80-3.2xB20+2.2xYx (x = 2.3 to 7) 
are shown in Figure 3.15. It can be seen that most of these ribbons are amorphous, which 
display no significant diffraction peaks but amorphous humps. However, the X-ray 
diffractogram of Fe72.6B25.1Y2.3 shows several sharp peaks and the phase was identified to 
be Fe2B.  




















Figure 3.15 XRD spectra of melt-spun ribbons for alloys Fe80-3.2xB20+2.2xYx (x=2.3 to 7).   
 
Figure 3.16 shows the HTDSC traces for the as-spun ribbon samples of 
Fe80-3.2xB20+2.2xYx (x = 2.3 to 7). For the fully amorphous ribbon samples (x≥ 2.9), each 
curve clearly experiences a glass transition, followed by a super-cooled liquid region. For 
Fe72.6B25.1Y2.3, there is no exothermic peak at all, indicating that the ribbon sample is fully 
crystalline. As the Y content increases from 2.9 to 5.8%, the crystallization processes 
change from multiple events (two peaks for x = 2.9) to single event (single peak for x = 
5.8). 
    Fe2B 
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Figure 3.16 HTDSC traces for as-spun ribbon samples of alloys 
Fe80-3.2xB20+2.2xYx (x=2.3 to 7).  
 
Table 3.4 lists the results of glass transition temperature (Tg), crystallization 
temperature of the first exothermic peak (Tx) for the melt-spun ribbons. It can be seen from 
the table that as the Y content increased from 2.9 to 7 at.%, both Tg and Tx increased 
monotonically. The conventional GFA indicators ∆Tx, Trg and γ are also calculated and 
listed in Table 3.4. 
 
Besides these three alloy series, several supplementary alloys with a high Y content  
(> 7 at.%) and a low B content (<20 at.%) were melt-spun and their GFA was examined to 
define the boundary of the glass forming zone. The X-ray diffractogram of Fe75.2B17.5Y7.3 
(a), Fe73.2B17.5Y9.3 (b), Fe71.7B18.5Y9.8 (c) are shown in Figure 3.17. The ribbon samples of 
Fe75.2B17.5Y7.3 and Fe71.7B18.5Y9.8 are fully amorphous, which display no significant 
diffraction peaks but only amorphous humps. While the X-ray diffractogram of the 
Tg 
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Fe73.2B17.5Y9.3 shows several crystalline peaks, which correspond to Fe14BY2. 
 
Table 3.4 Thermal properties of as-spun ribbon samples for alloys Fe80-3.2xB20+2.2xYx 
(x= 2.9 to 7). 
 
Alloy Tg(K) Tx(K) ∆T(K) Trg γ 
x=2.9 857.9 880.7 22.8 0.538 0.35893 
4 890.8 921.1 30.3 0.555 0.36891 
5 906.7 952.8 46.1 0.549 0.37223 
5.8 931.7 964.2 32.5 0.562 0.37631 
7 941.4 968.8 27.4 0.567 0.37254 
 
 

















Figure 3.17 XRD spectra of melt-spun ribbon samples for alloys 
Fe75.2B17.5Y7.3 (a), Fe73.2B17.5Y9.3 (b), Fe71.7B18.5Y9.8 (c). 
 
 
3.1.2.4  Glass forming zone for ribbon samples 
 
Based on the investigation of GFA of ribbon samples at a wheel speed of 30 m/s, a glass 
    Fe14Y2B 
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forming zone was defined and shown in Figure 3.18, within the compositional range of 19 
to 40 at% B, 3 to ~10 at% Y and 76 to 50 at% Fe. Since the liquidus temperature increases 
steeply to over 1,700 K when the alloy is close to Fe4B4Y, it is hard to produce melt-spun 
ribbons, making it difficult to ascertain the boundary of the glass forming zone near this 
intermetallic. It is known to all that it is impossible to obtain amorphous sample for an 
intermetallic and when compositions are close to an intermetallic, GFA generally 
deteriorates greatly 22. Thus, the boundary is indicated here by a dashed line. One further 
observation is that the glass forming zone does not include the ternary eutectic point at 
Fe78.2B17.5Y4.3 and it is therefore in an off-eutectic area.   
 





















Figure 3.18  Glass forming zone for ribbon samples at the Fe-rich corner of Fe-B-Y 
system. The eutectic point of Fe78.2B17.5Y4.3 is indicated by a solid square. The 
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3.1.2.5  Location of the best glass former 
Since the glass forming zone for ribbon samples were large, the exploration of the alloy 
with the best GFA was carried out by suction casting. Rod ingots with a diameter of 1 mm 
were cast by suction casting within this zone. 
 
An almost fully amorphous ingot at Fe71.2B24Y4.8 was obtained using suction casting in 
this compositional zone (results for composites with a diameter of 1 mm in 3.1.3). Figure 
3.19 shows a longitudinal cross-sectional SEM micrograph showing very small amount of 
crystalline phases (bright spots) in an otherwise fully amorphous matrix. The crystalline 
phase is believed to be mostly Fe2B. The fully amorphous nature of the XRD spectrum of 
this sample (Figure 3.20) and the same heat of crystallization from DSC curves exhibited 
by the melt-spun ribbon and the 1 mm cast ingot (Figure 3.21) confirm its amorphicity. It 
is the first bulk metallic glass discovered in the Fe-based ternary systems. More 
specifically, the best glass forming alloy Fe71.2B24Y4.8 is definitely within the 
Fe-Fe2B-Fe4B4Y ternary phase triangle. Note that the optimum alloy is not around the 
centre of the fully glass forming zone defined by the melt-spun ribbons. In fact it is 
towards the Fe-rich side of the phase diagram. 
  





Figure 3.19 Cross-sectional SEM micrograph of Fe71.2B24Y4.8, which is 
from the bottom part of the as-cast 1 mm rod.  














As-cast 1 mm rod
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Figure 3.21 HTDSC curves of ribbon sample (at a wheel speed of 30 m/s) 
and as-cast 1 mm rod for Fe71.2B24Y4.8. 
 
3.1.2.6  Thermal properties for alloys around Fe71.2B24Y4.8  
The conventional criteria (Trg, ∆T and γ) for the glass formation of alloys around the best 
glass former Fe71.2B24Y4.8 are plotted in Figure 3.22 to Figure 3.24 and thermal properties 
are summarized in Table 3.5. The maximum values of Trg, ∆T and γ are indicated by circles 
in Figure 3.22-Figure 3.24 respectively. It is seen clearly that all the maximum values of 
Trg, ∆T and γ miss the best glass former. The maximum values of Trg and γ are obtained for 
alloy Fe71.2B21Y7.8 since it has the highest Tg (938 K) and Tx (971 K) in Table 3.5, which 
are dominant in Trg and γ. On the other hand, Tl (1535 K) of alloy Fe71.2B21Y7.8 is smaller 
than that of Fe71.2B24Y4.8 (1555 K). The maximum value of ∆T is 73 K for Fe70.2B24Y5.8 
whose critical thickness (~50 µm) is much smaller than that of the best glass former 
Fe71.2B24Y4.8 (1000 µm) though their compositions are close. Therefore, the criteria of Trg, 
Tg 
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∆T and γ in our case do not give any valuable hint in locating the best glass former.  



























Figure 3.22  Trg for alloys around Fe71.2B24Y4.8. 
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Figure 3.24  γ for alloys around Fe71.2B24Y4.8. 
 
 
Table 3.5 Thermal properties for alloys around Fe71.2B24Y4.8. 
 
 
Alloy Tg (K) Tx(K) Tl(K) Trg ∆T(K) γ 
Fe71.2B24Y4.8 853 911 1555 0.549 58 0.378 
       
Fe74.2B21Y4.8 863 884 1514.3 0.570 21 0.372 
Fe73.2B22Y4.8 847 896 1544.1 0.549 49 0.375 
Fe72.2B23Y4.8 847 902 1544.3 0.549 55 0.377 
Fe70.2B25Y4.8 864 923 1558.1 0.554 59 0.381 
Fe68.2B27Y4.8 879 938 1595.8 0.551 59 0.379 
       
Fe71.2B25Y3.8 858 896 1569.3 0.546 38 0.369 
Fe71.2B23Y5.8 894 928 1561.7 0.573 34 0.378 
Fe71.2B22Y6.8 914 952 1538.6 0.594 38 0.388 
Fe71.2B21Y7.8 938 971 1535 0.611 33 0.393 
       
Fe72.2B24Y3.8 843 886 1536.3 0.549 43 0.372 
Fe70.2B24Y5.8 866 939 1560 0.555 73 0.387 
Fe68.2B24Y7.8 936 965 1585 0.591 29 0.383 
Fe66.2B24Y9.8 924 946 1592.1 0.580 22 0.376 
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3.1.3  Microstructure evolution and composite forming zone  
 
Three alloys Fe78.2B17.5Y4.3 (A), Fe66.7B30Y3.3 (B) and Fe63.7B30Y6.3 (C), which are roughly 
on the lines from the best glass former Fe71.2B24Y4.8 to three corner phases Fe, Fe2B and 
Fe4B4Y respectively, were designed to check the competing phase with glass (Figure 3.25). 
Ribbon samples were prepared. For alloys Fe66.7B30Y3.3 and Fe78.2B17.5Y4.3, which are just 
out of the glass forming zone, samples were melt-spun ribbons at a wheel speed of 30 m/s. 
The ribbon sample for Fe63.7B30Y6.3 was melt-spun at a low wheel speed of 20 m/s as the 
alloy is fully amorphous at a wheel speed of 30 m/s. The XRD spectra are shown in Figure 
3.26. The amorphous hump is observed for each XRD spectrum, which confirms the 
presence of the amorphous phase. At the same time, the crystalline peaks were observed, 
which indicates the existence of crystalline phases. The primary phases for alloys 
Fe66.7B30Y3.3 and Fe78.2B17.5Y4.3 are identified as Fe2B and α-Fe, respectively. However, the 
XRD spectrum for alloy Fe63.7B30Y6.3 could not be identified by DIFFRACPLUS EVA 
provided by Bruker Axs Inc.: not Fe, Fe2B, Fe14Y2B or other Fe-B-Y phases. Note that  
alloy Fe63.7B30Y6.3 is on the line from the best glass former to Fe4B4Y phase and glass 
matrix composites with one primary single phase could be obtained when the alloy is in the 
compositional area between the best glass former and the competing phases according to 
the pinpoint strategy 16. By the monitoring of microstructures, three different morphologies 
were observed for these three alloys as predicted by the pinpoint strategy. Therefore, it is 
reasonable to assume that these crystalline peaks correspond to Fe4B4Y. In summary, the 
competing phases with glass are identified as α-Fe, Fe2B and Fe4B4Y.  
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Figure 3.25 Alloys to determine competing phases with glass: Fe78.2B17.5Y4.3 (A), 
Fe66.7B30Y3.3 (B) and Fe63.7B30Y6.3 (C) (solid squares). Glass forming zone by 
ribbon samples at 30 m/s is indicated by a curve and the best glass former is 
indicated by a star. 
 



















Figure 3.26 XRD spectra for alloys Fe78.2B17.5Y4.3 (a), Fe66.7B30Y3.3 (b) and 
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Figure 3.27 The composite forming zone of 1 mm rods in Fe-rich corner in 
Fe-B-Y system. Alloys Fe74.2B21Y4.8 (A1), Fe70.85B24.5Y4.65 (B1) and 
Fe70.7B24.4Y4.9 (C1) are indicated by rectangles and the best glass 
former is indicated by a star. 
 
 
It is difficult to observe morphologies of the crystalline phases because of the small 
particle size resulted from the highly depressed crystal growth by the high cooling rate for 
ribbon samples. To observe the microstructures of the primary phases, three 1 mm rod 
samples were cast around the best glass former: Fe74.2B21Y4.8 (A1), Fe70.85B24.5Y4.65 (B1) 
and Fe70.7B24.4Y4.9 (C1) (shown in Figure 3.27). Alloys A1, B1 and C1 are roughly on the 
lines from the best glass former to three corner phases Fe, Fe2B and Fe4B4Y, respectively. 
The SEM micrographs (Figure 3.28) show different morphologies for three competing 
phases identified by XRD of ribbon samples. According to the pinpoint strategy 16, the 
morphology of the primary phases identified previously was observed: for α-Fe, the 


















Figure 3.28 SEM micrographs in low (left) and high (right) magnifications for alloys: 
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Besides alloys A1, B1 and C1, other glass matrix composites are formed and they are 
shown in Figure 3.27 (by half filled circles). Based on these glass matrix composites, a 
composite forming zone is plotted in Figure 3.27 (fully crystalline alloys are indicated by 
solid circles). It can be seen that the best glass former (indicated by a star) is at the high B 
side. Note that there was a relatively large compositional area where glass matrix 
composites with primary phase α-Fe can be obtained. Therefore, glass matrix composites 
with primary phase α-Fe are easier to be obtained than those with other primary phases 
Fe2B or Fe4B4Y.  
 
3.1.4  Mechanical properties 
 
1 mm rod of Fe71.2B24Y4.8 was taken for indentation hardness test (Figure 3.29) and 
compression test (Figure 3.30). Two indents with different loads were performed to reduce 
the experimental error. The hardness of the as-cast Fe71.2B24Y4.8 ingot with an applied load 
of 4.9 N is 10.1 GPa, that with a load of 9.8 N is 10.3 GPa. Figure 3.29 shows an optical 
micrographs of the sample surface with the mark of an indent. A number of slip markings 
are observed in the vicinity of the indentation indicating the brittleness of Fe-based 
amorphous alloys (Figure 3.29(a)).  
 
The compressive stress-strain curve for the as-cast ingot in Fe71.2B24Y4.8 of 1 mm is 
shown in Figure 3.30. The dimension of the sample is 1 mm (in diameter) * 2 mm (in 
length). The compressive yield strain is about 1.8 % and the yield strength is 3300 MPa, 
which is also fracture strength since no plastic deformation is observed. The Young’s 
modulus is about 183 GPa. The lack of plastic deformation before fracture demonstrated 
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Figure 3.29 Optical micrographs showing the surfaces of as-cast Fe71.2B24Y4.8 (in 1 mm 
diameter) with marks of an indent: (a) 9.8 N/10s; (b) 4.9 N/10s.     
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3.1.5  Magnetic properties  
 
Magnetic properties were studied by VSM for Fe71.2B24Y4.8 ingots of as-cast, annealed at 
943 K and at 993 K for 10 min (Figure 3.31). The crystalline phases were identified by 
XRD spectra shown in Figure 3.32. For the as-cast ingot, typical soft magnetic 
characteristics of saturation moment Ms=130 Am2/kg and intrinsic coercivity Hc=10 A/m 
are observed. The XRD spectrum at the bottom of Figure 3.32 shows only an amorphous 
hump without any detectable crystal peaks, verifying its amorphicity. After annealing at 
943 K for 5 min, the soft magnetic properties are deteriorated: Hc increased to 2.4 kA/m, 
while Ms remains almost the same value of 124 Am2/kg. The increase of Hc is resulted 
from the crystallization of the soft magnetic amorphous phase and the precipitation of 
Fe3.5B. When the annealing temperature is increased to 993 K, the phases are identified to 
be α-Fe, Fe3.5B and possibly Fe4B4Y. Consequently, the intrinsic coercivity Hc is increased 
greatly to 17.6 kA/m due to the growth of grains and the domain wall pinning in the grain 
boundary of the soft magnetic phases. The saturation moment Ms is still 126 Am2/kg. In 
summary, the annealing resulted in the increase of intrinsic coercivity Hc: from 10 A/m 
(as-cast) to 2.4 kA/m (943 K), to 17.6 kA/m (993 K). While the saturation moment Ms 
remained unchanged at about 130 Am2/kg.  
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Figure 3.31 Hysteresis loops for the 1 mm ingots in Fe71.2B24Y4.8: as-cast, annealed at 943 
K and annealed at 993 K. 
 




Annealed @  993 K

















Figure 3.32 XRD spectra for the 1 mm ingots in Fe71.2B24Y4.8: as-cast, 
annealed at 943 K and annealed at 993 K for 10 min. 
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3.2 GFA study in Fe-rich corner of Fe-B-Nd system 
Fe-B-Nd alloys are the best high-performance permanent magnets so far compared with 
ferrite, Alnico, Sm-Co and Sm-Fe-N, with a maximum energy product of 400 kJ/m3 
commercially 23. It is widely used in permanent-magnet motors, actuators and 
magnetomechanical devices etc. One manufacturing method of Fe-B-Nd permanent 
magnets is powder metallurgy by annealing the rapid quenched Fe-B-Nd precursors. 
However, due to the poor glass forming ability of alloys in Fe-rich corner in Fe-B-Nd 
system, amorphous precursors are produced only in ribbons.  
 
BMG was not obtained in Fe-B-Nd ternary system so far though the critical diameter 
of Fe-based BMGs reached 16 mm recently 24. For Fe-B-Nd based alloys, the largest 
critical diameter is 1.2 mm (Fe60.3Co9.2TM2Nd3Dy0.5B25) 25. To obtain larger BMG in the 
multicomponent Fe-B-Nd based systems, starting from the best glass former (as a starting 
point) in the low order ternary Fe-B-Nd system is feasible, which was proved by the 
development from Fe-B-Y to Fe-B-Y-Nb system (critical diameter from 1 mm to 5-7 mm) 
26, 27
. In this section, GFA in Fe-rich corner in the Fe-B-Nd system was investigated.  
 
3.2.1 GFA study in Fe-rich corner 
 
The GFA of alloys in Fe-rich corner in Fe-B-Nd system was studied in detail at a wheel 
speed of 30 m/s (or higher) before 28, 29. Since BMG was not reported in Fe-B-Nd system 
so far 30, ribbon samples were prepared at a low wheel speed (10 m/s) and the best glass 
former was located subsequently. The thickness of ribbon samples was around 100 µm 
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Figure 3.33 Phase diagrams of Fe-B-Nd system: (a) liquidus projection; and (b) isothermal 
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The phase diagrams (liquidus projection and isothermal section) of Fe-B-Nd system are 
shown in Figure 3.33 19. Compared with the isothermal section (Figure 3.1) and 3D plot of 
liquidus surface (Figure 3.10) of the Fe-B-Y system in Figure 3.10, two points are found in 
common: (1) the intermetallics in Fe-rich corner are same or have similar composition 
percentages: Fe2B, Fe14Nd2B (Fe14Y2B), Fe4Nd4B1.1 (Fe4Y4B1), and (2) there is an eutectic 
in the Fe-rich corner in both systems (Fe78.2B17.5Y4.3 and Fe74B18Nd8). What’s more, both 
Nd and Y are in the 3B group having the same outermost electron configuration. Therefore, 
it was reasonable that the starting point was Fe71.2B24Nd4.8 by complete replacement of Y 
with Nd from BMG Fe71.2B24Y4.8 in Fe-B-Y system. Thus, GFA of alloys around 
Fe71.2B24Nd4.8 was studied first. 
 
3.2.1.1  GFA study around Fe71.2B24Nd4.8 
 
Based on the similarity of the isothermal section in Fe-rich corner for Fe-B-Y and Fe-B-Nd 
systems 19 and of chemical properties of Y and Nd, the starting point was selected as 
Fe71.2B24Nd4.8. The XRD spectrum of 1 mm as-cast ingot of Fe71.2B24Nd4.8 is shown in 
Figure 3.34. Strong crystalline peaks are observed and the phases are identified as Fe2B, 
α-Fe and Fe4B4Nd1.1. While no crystalline peaks were observed for alloy Fe71.2B24Y4.8 that 
is the best glass former in Fe-rich corner of Fe-B-Y system. Therefore, the complete 
replacement of Y with Nd fails to obtain BMG in Fe-B-Nd system. 
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Figure 3.34 XRD spectra of as-cast 1 mm ingots of Fe71.2B24Y4.8 and Fe71.2B24Nd4.8. 
 
















Figure 3.35 Alloys studied around Fe71.2B24Nd4.8 (E): Fe72.2B24Nd3.8 (A), Fe70.2B25Nd4.8 (B), 
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Figure 3.36 XRD spectra for as-spun ribbons at 10 m/s: Fe72.2B24Nd3.8 (a), Fe70.2B25Nd4.8 
(b), Fe71.2B21Nd7.8 (c), Fe72.2B22Nd5.8 (d), Fe71.2B24Nd4.8 (e) and Fe71.2B23Nd5.8 (f). 
 
The sample thickness Z was reduced to 100 µm in order to obtain fully amorphous 
alloys first. Alloys Fe72.2B24Nd3.8 (A), Fe70.2B25Nd4.8 (B), Fe71.2B21Nd7.8 (C), Fe72.2B22Nd5.8 
(D), Fe71.2B24Nd4.8 (E) and Fe71.2B23Nd5.8 (F) (Figure 3.35) were melt-spun at 10 m/s 
(Z~100 µm). XRD patterns are shown in Figure 3.36. For the ribbon sample Fe71.2B24Nd4.8 
at a wheel speed of 10 m/s, the XRD spectrum (Figure 3.36(e)) shows that it is amorphous 
composite reinforced with a small amount of Fe2B phase. Alloys Fe72.2B24Nd3.8 and 
Fe70.2B25Nd4.8 are not fully amorphous as the crystalline peaks of Fe2B are strong. For alloy 
Fe71.2B23Nd5.8, spectrum (f) only shows an amorphous hump without any detectable 
crystalline peak. The samples for alloys Fe71.2B21Nd7.8 and Fe72.2B22Nd5.8 are amorphous 
composite too, which have a lower B content than alloy Fe71.2B23Nd5.8. The crystalline 
phase for Fe72.2B22Nd5.8 is identified to be Fe2B. For Fe71.2B21Nd7.8 the crystalline peaks are 
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close to eutectic point. In summary, Fe71.2B23Nd5.8 had the best GFA among these alloys 
and a fully amorphous ribbon with a thickness of 100 µm was formed. From Figure 3.35, it 
was obvious that we should explore alloys in a compositional area with B ~ 24 at.% and 
Nd > 6 at.% where the alloys may have better GFA. 
 
Hence, GFA of three alloy series were investigated: Fe77-xB23Ndx (x=4 to 14), 
Fe67B33-xNdx (x=6 to 13) and FeyB90-y Nd10 (y=63 to 71) (Figure 3.37). Alloys Fe77-xB23Ndx 
were designed to study the effect of Y or Fe content on GFA. Similarly, Fe67B33-xNdx and 
FeyB90-y Nd10 were designed to study the effect of Nd/B content and Fe/B content on the 
GFA. All alloys studied were in an off eutectic compositional area. 
 










    
Figure 3.37 Alloys of three alloy series investigated: Fe77-xB23Ndx (x=4 to 
14), Fe67B33-xNdx (x=6 to 13) and FeyB90-y Nd10 (y=63 to 71). 
Glass forming zone is indicated by a quadrilateral and the best 
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3.2.1.2  Results for Fe77-xB23Ndx 
 
The melting behavior of alloys Fe77-xB23Ndx (x=4 to 14) is shown in Figure 3.38. For all 
alloys investigated, the melting temperature Tm is almost the same at 1372 K. While the 
liquidus temperature Tl varies a little and the maximum temperature difference is less than 
60 K (~ 5%).  
 














Figure 3.38 Melting behavior of alloys Fe77-xB23Ndx (x=4 to 14). 
 
XRD spectra for alloys Fe77-xB23Ndx (x=4 to 14) are shown in Figure 3.39. When x=4, 
crystalline peaks are observed and the phases are identified as Fe2B and Fe. As x=5.8 to 12, 
the XRD spectra show only amorphous humps without any detectable crystalline peaks. 
When x is increased to 14 at.%, the ribbon sample is not fully amorphous any more and the 
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Figure 3.39  XRD spectra for as-spun ribbons for alloys Fe77-xB23Ndx (x=4 to 14). 
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The DSC curves of alloys Fe77-xB23Ndx (x=4 to 14) are plotted in Figure 3.40. All 
curves show the crystallization events that confirm the presence of amorphous phase. The 
glass transition events are clear except for x=4. Tg and Tx increase first to a maximum 
value (Tg=892 K; Tx=936 K) at x=10, then decreased. Thermal properties are summarized 
in Table 3.6. 
 
From the investigation of the GFA for alloys Fe77-xB23Ndx (x=4 to 14), it is evident that 
the glass forming zone at a thickness of 100 µm might exist in a compositional area with 
Nd from 5.8 to 12 at.%.  
 
Table 3.6 Thermal properties of as-spun ribbon samples for alloys Fe77-xB23Ndx (x=4 
to 14).  
 
Alloy Tg (K) Tx(K) Tl (K) Tm (K) Trg ∆T (K) γ 
x= 4 844 867 1586 1383 0.532 23 0.357 
5.8 873 898 1526 1385 0.572 25 0.374 
8 881 934 1531 1385 0.576 53 0.387 
10 892 936 1529 1384 0.583 44 0.387 
12 878 927 1535 1385 0.572 49 0.384 
14 865 906 1545 1386 0.560 41 0.376 
 
3.2.1.3  Results for Fe67B33-xNdx 
 
For this alloy series, the Fe content was fixed at 67 at.% to study the dependency of GFA 
on B or Nd content. The melting behavior for alloys Fe67B33-xNdx (x=6 to 13) is shown in 
Figure 3.41. Tl decreases monotonically as x increases from 6 to 12, then after a minimum 
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value of 1507 K (x=12) Tl increases a little to 1536 K at x=13. The valley of Tl is 
consistent with the monovariant curve from U2 to U3 in Figure 3.33(a). The melting 
temperature Tm is almost unchanged at about 1384 K, slightly larger than the reported 
value of 1373 K 19.    
 
XRD spectra for alloys Fe67B33-xNdx (x=6 to 13) are shown in Figure 3.42. Among 
these alloys, only Fe67B23 Nd10 is fully amorphous without any detectable crystalline peaks. 
When Nd content is less than 10 at.%, the crystalline peaks of Fe2B are observed. As Nd 
content is larger than 10 at.%, strong crystalline peaks are observed which correspond to 
Fe4B4Nd and Fe14BNd2.  
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Figure 3.42 XRD spectra for alloys Fe67B33-xNdx (x=6 to 13). 
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The DSC curves for alloys Fe67B33-xNdx (x=6 to 13) are shown in Figure 3.43. Both the 
glass transition and crystallization events are clear indicating the presence of amorphous 
phase. Tx is monotonically increasing and Tg increases with a little fluctuation. The thermal 
properties for alloys Fe67B33-xNdx are summarized in Table 3.7. The largest Trg and γ values 
(0.598 and 0.388 respectively) are obtained at x=12 while the largest ∆T (40 K) is obtained 
at x＝10 which has the best GFA among alloys Fe67B33-xNdx. 
 
Table 3.7  Thermal properties of as-spun ribbon samples for alloys Fe67B33-xNdx 
(x=6 to 13). 
 
Alloy Tg (K) Tx (K) Tl (K) Tm (K) Trg ∆T (K) γ 
x= 6 880 914 1566 1387 0.562 34 0.374 
8 899 926 1547 1382 0.581 27 0.378 
10 892 932 1529 1385 0.583 40 0.385 
12 901 936 1507 1382 0.598 35 0.389 
13 906 941 1536 1384 0.590 35 0.385 
 
 
3.2.1.4  Results for FeyB90-yNd10 
 
The last alloy series studied was FeyB90-y Nd10 (y=63 to 71) to investigate the dependency 
of GFA on the B or Fe content. The melting behavior is shown in Figure 3.44. As the Fe 
content decreases from 71 to 63 at.%, the liquidus temperature Tl is monotonically 
increasing sharply from 1450 to 1591 K. While the melting temperature Tm remains 
unchanged at about 1383 K.  
 
The XRD spectra for FeyB90-yNd10 (y=63 to 71) are shown in Figure 3.45. For alloy 
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y=71, the strong crystalline peaks are observed and the phases are identified to be mainly 
Fe14BNd2 with Fe4B4Nd and α-Fe. For y=69 to 65, only amorphous humps are observed 
indicating the fully amorphous microstructures of the samples. When x=63, weak crystal 
peaks appear on the amorphous hump and the phases are identified as Fe4B4Nd and Fe2B.  
 













Figure 3.44  Melting behavior for alloys FeyB90-yNd10 (y=63 to 71). 
 
 
The DSC curves for FeyB90-yNd10 (y=63 to 71) are shown in Figure 3.46. The 
crystallization events are observed for each of the samples which confirmed the presence 
of amorphous phase. The glass transition is clear except for Fe71B19Nd10. The thermal 
properties for alloys FeyB90-yNd10 are listed in Table 3.8. The Tl decreases significantly as y 
increases. Trg and γ reach their maximum values at y= 69 (0.606 and 0.394 respectively). 
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Figure 3.45   XRD spectra for alloys FeyB90-yNd10 (y=63 to 71).  
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Table 3.8 Thermal properties for as-spun ribbon samples for alloys FeyB90-yNd10 
(y=63 to 71).  
 
Alloy Tg (K) Tx (K) Tl (K) Tm(K) Trg ∆T (K) γ 
y= 71 -- 929 1450 1385 -- -- -- 
69 900 941 1486 1384 0.606 41 0.394 
67 892 936 1529 1385 0.583 44 0.387 
65 899 936 1560 1383 0.576 37 0.381 
63 889 920 1591 1382 0.559 31 0.371 
 












Figure 3.47  Glass forming zone for 100 µm ribbons (10 m/s) indicated by a polygon.  
 
In summary, based on the GFA study for ribbon samples at a thickness of 100 µm, a 
glass forming zone in the Fe-corner of Fe-B-Nd system is defined and plotted in Figure 
3.47. The eutectic Fe74B18Nd8 is not included in the zone that is in an off eutectic 
compositional area with Nd 6 to 12 at.% and B 21 to 25 at.%. The glass forming zone is in 
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the phase triangle of Fe2B-Fe14BNd2-Fe4B4Nd1.1. 
 
3.2.1.5  1 mm BMG 
 
Within the glass forming zone in Figure 3.47, an almost fully amorphous 1 mm rod by 
injection casting was obtained for Fe67B23Nd10. The XRD spectrum (Figure 3.48) displays 
only an amorphous hump without any detectable crystal peaks, which confirms its 
amorphicity. The SEM micrograph is shown in Figure 3.49 which is almost featureless. 
Fe67B23Nd10 is the first BMG in Fe-B-Nd system 30. 
 


































Figure 3.49 Longitude cross-sectional SEM micrograph for 1 mm Fe67B23Nd10 ingot.  

























Figure 3.50  Hysteresis loops for 1 mm Fe67B23Nd10 ingot: as-cast and annealed at 983 K 
for 5 minutes. B-H loop was shown in the inset and (BH)max was indicated by 
the hatched area. 
 
In order to determine whether bulk hard magnet could be obtained from BMG 
Fe67B23Nd10, annealing was carried out subsequently and magnetic properties were studied. 
The XRD spectrum of annealed ingot shows the presence of Fe14Nd2B, α-Fe and Fe4B4Nd 
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shown in Figure 3.50. The as-cast ingot is a typical soft magnet with a coercivity Hc= 0.01 
kA/m and saturation magnetization Ms= 90 Am2/kg. After crystallization at 993 K (Tx + 57 
K) for 5 min, the Hc increases to 240 kA/m, which suggests the presence of hard magnetic 
phase Fe14Nd2B. The jump of coercivity is due to the appearance of Fe14Nd2B by the 
crystallization. The maximum energy product (BH)max is about 16 kJ/m3. Therefore, bulk 
hard magnet is obtained from BMG Fe67B23Nd10 through crystallization.  
 












Figure 3.51 Glass forming zone for 100 micron ribbons in Fe-corner in Fe-B-Nd system. 
Composites were indicated by half filled circles; fully amorphous samples were 
indicated by circles. The best glass former Fe67B23Nd10 was indicated by the star. 
3.2.1.6 Microstructure selection map. 
 
Based on the results of primary phases identified by XRD spectra, the microstructure 
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along different directions, different competing phases are observed. In direction a, the 
primary phases are Fe14BNd2 (main phase), Fe4B4Nd and α-Fe since the compositions are 
close to Fe14BNd2. For direction b, the primary phases are Fe2B and α-Fe; for direction c, 
single primary phase Fe2B is observed as compositions are close to Fe2B. For direction d 
towards Fe4B4Nd, the primary phase is Fe4B4Nd. And for direction e, the primary phases of 
Fe14BNd2 and Fe4B4Nd are identified. The microstructure selection map around the best 
glass former could give us guidance in designing composite with desired primary phases 
displaying specific properties. 
 
3.2.2  Magnetic properties 
 
The hysteresis loops for ribbon samples of alloys Fe77-xB23Ndx (x=4 to 14) are shown in 
Figure 3.52 and the intrinsic coercivity Hc and saturation magnetization Ms against x are 
plotted in Figure 3.53. The Hc for all alloys is less than 0.1 kA/m, which is typical 
characteristic of soft magnets. The Hc for fully amorphous alloys (x= 8 to 12) is about 0.01 
kA/m, smaller than those for other alloys. At the same time, as x increases from 4 to 14, Ms 
decreases monotonically from 136 to 78 Am2/kg because of the decreasing of Fe content.  
 
The hysteresis loops of alloys Fe67B33-xNdx (x=6 to 13) are shown in Figure 3.54 and 
the Hc and Ms against x are plotted in Figure 3.55. As x increases from 6 to 13, the 
coercivity Hc remains unchanged at about 0.01 kA/m (x=6 to 10) and increases to 50 kA/m 
at x=12 and then jumps to 640 kA/m at x=13. At the same time, Ms decreases 
monotonically from 122 to 68 Am2/kg. Compared with that of the fully amorphous alloy 
x=10, the Ms for alloys for x= 6 and 8 is increased because the primary phase Fe2B had a 
higher Ms of 166 Am2/kg. For x=12 and 13, the existence of Fe4B4Nd1.1 decreases the Ms 
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because its Curie temperature (37 K) is far below the room temperature. 



























Figure 3.52 Hysteresis loops for ribbon samples of alloys Fe77-xB23Ndx (x=4 to 14).  
 



















































Figure 3.53 Magnetic properties (Hc and Ms) as a function of Nd content for Fe77-xB23Ndx 
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Figure 3.55 Magnetic properties (Hc and Ms) as a function of Nd content for 
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Figure 3.56 Hysteresis loops for ribbon samples of alloys FeyB90-yNd10 (y=63 to 71).   
 




















































Figure 3.57 Magnetic properties (Hc and Ms) as a function of Fe content for FeyB90-y Nd10 
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The hysteresis loops for ribbon samples of alloys FeyB90-yNd10 (y=63 to 71) are shown 
in Figure 3.56 and the Hc and Ms against y are plotted in Figure 3.57. For y is between 63 
and 69, the Hc is about 0.01 kA/m, which is the typical characteristic of soft magnets. At 
the same time, the Ms increases monotonically from 80 to 113 Am2/kg because of the 
increasing of Fe content. For y=71, Hc increases suddenly to 370 kA/m indicating the 
existence of the hard magnetic phase Fe14BNd2 that is identified by XRD (Figure 3.45). 
The drop of Ms at y=71 is resulted from the presence of non-magnetic phase Fe4B4Nd1.1 
(Curie temperature Tc =37 K, far below the room temperature). 
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Chapter  4   
Glass forming ability and magnetic 
properties in Fe-B-Nd-Nb system 
4.1 Introduction  
 
Although the critical diameter of Fe-based BMGs was larger than 10 mm 1, 2 and recently 
reached 16 mm 3, for the Fe-B-Nd based alloys the largest reported critical diameter for 
amorphous formation was 1.2 mm in a six component system (Fe60.3Co9.2Nb2Nd3Dy0.5B25) 
and only its soft magnetic properties were reported 4. Bulk glass formation in 
Fe-B-Nd-Nb system should be feasible as it satisfies generally the known rules 5. For 
example, the large negative heat of mixing: Fe-B -26 kJ/mol, B-Nd -49 kJ/mol and 
Fe-Nd 1 kJ/mol; and the large atomic size mismatch: B-Fe 35%, B-Nd 55% and Fe-Nd 
31%. Furthermore, we have developed a way to locate the best glass former by 
monitoring the microstructure changes. 
 
In this chapter, we have systematically investigated the Fe-B-Nd-Nb system and 
discovered alloys with significant critical size with excellent hard magnetic properties. 
GFA in a relatively simple quaternary Fe-B-Nd-Nb system was examined based on the 
GFA study in ternary Fe-B-Nd system. The fourth element Nb was chosen because of its 
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effective role in enhancing glass formation in several reported Fe-based systems 6, 7. The 
content of Nb was fixed at 4 at.% in order to reduce the complexity of the quaternary 
system studied. 
 
4.2 Glass formation and magnetic properties for 1.5 mm 
ingots 
 
Developed directly from the ternary starting point Fe67B23Nd10, the alloy 
(Fe67B23Nd10)96Nb4 could be cast into a 1.5 mm composite having a microstructure of 
glass matrix reinforced with uniformly distributed primary phases observed from the 
SEM micrograph shown in Figure 4.1. The grain size for (Fe67B23Nd10)96Nb4 is the 
smallest indicating that the crystallization is suppressed much severely that that of the 
other two alloys. Therefore, GFA of (Fe67B23Nd10)96Nb4 is better than that of 
(Fe67B23Nd10)96Nb3 and (Fe67B23Nd10)96Nb5 by the SEM micrographs and Nb content 
could be optimized at 4 at.%. 
 
Figure 4.1 SEM micrographs in a high magnification for 1.5 mm as-cast ingots: (a) 
(Fe67B23Nd10)97Nb3, (b) (Fe67B23Nd10)96Nb4 and (c) (Fe67B23Nd10)95Nb5.   
  
           (a)                     (b)                      (c) 
          
2 µm  
          
2 µm  
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From the pinpoint strategy that guides the search of BMG 8, the above composite 
microstructure provides a strong hint for possible fully glass formation of a nearby alloy. 
Sequentially based on the GFA study on 1.5 mm alloys, a full glass forming zone for 1.5 
mm ingots was discovered. This zone (indicated by the circle in Figure 4.2) is in a 
compositional area with Fe content from 61 at.% to 72.5 at.%, Nd content from 4 at.% to 
10 at.% and B content from 21 to 30 at.%. It is almost in the phase triangle 
Fe2B-Fe14Nd2B-Fe4B4Nd1.1. The alloys defining the zone are (Fe74B23Nd3)96Nb4 (A), 
(Fe65.5B31Nd3.5)96Nb4 (B), (Fe59B31Nd10)96Nb4 (C), (Fe67B23Nd10)96Nb4 (D) and 
(Fe71B21Nd8)96Nb4 (E), which are just outside the glass forming zone. Their XRD spectra 
are shown in Figure 4.3, indicating that the presence of both glass and crystalline phases. 
For (Fe74B23Nd3)96Nb4, the primary phase is Fe23B6 with a small amount of Fe4B4Nd1.1. 
For (Fe65.5B31Nd3.5)96Nb4, which is close to Fe2B, the primary phase is Fe2B with a small 
fraction of α-Fe. The primary phase in the alloy (Fe59B31Nd10)96Nb4 is identified as 
Fe4B4Nd1.1. The spectra of (Fe67B23Nd10)96Nb4 and (Fe71B21Nd8)96Nb4, which are towards 
to Fe14Nd2B, clearly show that the primary phase is mainly Fe14Nd2B. Their 
corresponding DSC curves are shown in Figure 4.4. The crystallization events are 
observed for alloys A to E, confirming the presence of the amorphous phase in the ingots. 
Note that the diameter of 1.5 mm for amorphous alloys within the glass forming zone is 
larger than the largest value of 1.2 mm for Fe-B-Nd based alloys so far 9, 10. However, it 
was believed that even larger sized BMGs might be obtained within the zone as this 1.5 
mm zone is big and GFA is generally sensitive to compositions 11-13. 
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Figure 4.2 Fe-B-Nd-Nb phase plane at Nb 4 at.%. The glass forming zone for 1.5 mm 
ingots (a circle) and 3 mm ingots (a triangle) are demarcated. The best glass 
former (F) ((Fe68B25Nd7)96Nb4) is indicated by a star. Alloys just outside the 
glass forming zone are labeled and identified by squares. 
The longitudinal cross-sectional SEM micrographs at low and high magnifications 
(shown in Figure 4.5 and Figure 4.6, respectively) illustrate the morphologies of the 
primary phases present in alloys A to E. For (Fe74B23Nd3)96Nb4, a ring-type morphology 
(different microstructure in center and edge area) is observed (Figure 4.5) and in the 
central area is fully crystalline. For (Fe65.5B31Nd3.5)96Nb4, some crystalline phases can be 
seen in the low magnification micrograph (Figure 4.5) and they are ascertained to be a 
eutectic structure (Fe2B + α-Fe) from the high magnification micrograph (Figure 4.6). 
The low magnification micrographs (c)-(e) in Figure 4.5 appear featureless, while at a 
high magnification, Fe4B4Nd1.1 (flower-like) and Fe14Nd2B (spindle-like) are observed in 
micrograph (c) and micrographs (d)-(e), respectively. In summary, from the SEM 
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principle 8 is verified.  
           
Figure 4.3 XRD spectra for 1.5 mm as-cast alloys: (Fe74B23Nd3)96Nb4 (a), 
(Fe65.5B31Nd3.5)96Nb4 (b), (Fe59B31Nd10)96Nb4 (c), (Fe67B23Nd10)96Nb4 (d), 
(Fe71B21Nd8)96Nb4 (e) and (Fe68B25Nd7)96Nb4 (4 mm) (f). 











Figure 4.4 DSC curves for 1.5 mm as-cast alloys: (Fe74B23Nd3)96Nb4 (a), 
(Fe65.5B31Nd3.5)96Nb4 (b), (Fe59B31Nd10)96Nb4 (c), (Fe67B23Nd10)96Nb4 (d), 






















































Figure 4.5 Low magnification longitude cross-sectional SEM micrographs of 1.5 mm 
as-cast rods: (Fe74B23Nd3)96Nb4 (a), (Fe65.5B31Nd3.5)96Nb4 (b), 
(Fe59B31Nd10)96Nb4 (c), (Fe67B23Nd10)96Nb4 (d), (Fe71B21Nd8)96Nb4 (e) and 
















Figure 4.6 High magnification SEM micrographs of 1.5 mm as-cast rods around the glass 
forming zone: (Fe74B23Nd3)96Nb4 (a), (Fe65.5B31Nd3.5)96Nb4 (b), 
(Fe59B31Nd10)96Nb4 (c), (Fe67B23Nd10)96Nb4 (d), (Fe71B21Nd8)96Nb4 (e) and 
(Fe68B25Nd7)96Nb4 (4 mm) (f). 
The magnetic properties of 1.5 mm alloys A to E (Figure 4.2) were studied. The 
hysteresis loops for 1.5 mm as-cast rods are plotted in Figure 4.7 and Figure 4.8. The 
loops for (Fe74B23Nd3)96Nb4, (Fe68B25Nd7)96Nb4, (Fe65.5B31Nd3.5)96Nb4 and 
(Fe59B31Nd10)96Nb4 are shown in Figure 4.7 and they exhibit the characteristics of typical 
soft magnets. The saturation magnetization (Ms) drops from 90 Am2/kg 
1 µm 1 µm 
1 µm 
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((Fe74B23Nd3)96Nb4), to 30 Am2/kg ((Fe59B31Nd10)96Nb4) as the Fe content decreases. 
Figure 4.8 shows the hysteresis loops for amorphous plus Fe14Nd2B composites 
(Fe67B23Nd10)96Nb4 and (Fe71B21Nd8)96Nb4. The applied field is up to 1500 kAm-1. The 
constricted loops indicate the presence of two phases with very different magnetic 
hardness corresponding to the soft magnetic amorphous phase and the hard magnetic 
Fe14Nd2B phase. Ms is 60 Am2/kg and 75 Am2/kg for (Fe67B23Nd10)96Nb4 and 
(Fe71B21Nd8)96Nb4 respectively. After annealing at 983 K for 5 minutes a high magnetic 
field measurement (4000 kAm-1) gave a hysteresis loop for (Fe67B23Nd10)96Nb4 
exhibiting the characteristics of a typical hard magnet with coercivity Hc=1100 kAm-1, 
remanence Mr=48 Am2/kg, and energy product (BH)max=33 kJm-3. The coercivity of 1100 
kAm-1 is slightly larger than that of typical oriented Fe14Nd2B magnets (1000 kAm-1) 14. 
The jump of coercivity is because of the crystallization of the amorphous part (a soft 
magnetic phase) and the formation of the Fe14BNd2 phase. The remanence and energy 
product are comparable with ferrites and the energy product is about 40%-50% of the 
value of typical commercial bonded Nd-Fe-B permanent magnets (64-80 kJm-3) 14. The 
magnetic phases of annealed alloy (Fe67B23Nd10)96Nb4 are identified to be Fe14Nd2B and 
Fe4B4Nd1.1. The grain sizes of Fe14Nd2B estimated by XRD for as-cast and annealed 
samples are 65 nm and 76 nm respectively (Fe14Nd2B (212) peak, shown in Figure 4.9). 
It seems that the grain growth is not sensitive with annealing and grain size remains on a 
nanometer scale. If optimum annealing processing is applied to control the grain size, the 
(BH)max is expected to a higher value 14. Therefore, amorphous Fe-B-Nd-Nb alloys with 
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good GFA provide the possibility of simplifying production process of the permanent 
magnet processing to one step annealing. Greatly reduced cost makes them good 
candidates for industrial hard magnets. 
 
 
Figure 4.7 Hysteresis loops for 1.5 mm as-cast rods: (Fe74B23Nd3)96Nb4, 
(Fe68B25Nd7)96Nb4, (Fe65.5B31Nd3.5)96Nb4 and (Fe59B31Nd10)96Nb4. 
 
Figure 4.8 Hysteresis loops for 1.5 mm as-cast rods (Fe67B23Nd10)96Nb4 and 
(Fe71B21Nd8)96Nb4. After annealing at 983 K, the hysteresis loop for 
(Fe67B23Nd10)96Nb4 is shown. 
  
 



















Figure 4.9 XRD patterns at 27 degree (Fe14Nd2B (212) peak) for as-cast and annealed 
(Fe67B23Nd10)96Nb4 alloy (annealed at 983 K for 5 minutes).  
4.2.1 Results for (FexB90-xNd10)96Nb4 alloys 
 
To study the GFA of alloys with a high Nd content and the effect of B/Fe content on 
microstructure and magnetic properties, alloy series (FexB90-xNd10)96Nb4 (x=59 to 73) 
was designed and 1.5 mm rod samples were prepared. Figure 4.10 shows the melting 
behavior of alloys (FexB90-xNd10)96Nb4 (x=59 to 73), which have a fixed Nd 
concentration of 10 at.%. As the Fe content decreases, the liquidus temperature Tl 
changes greatly. The DSC curve for x=73 consists of three melting peaks, while the curve 
for x=69 only shows two melting peaks with a liquidus temperature Tl of 1414 K that is 
the minimum value for (FexB90-xNd10)96Nb4. Then, the further decrease of the Fe content 
causes the offset point of the last melting peak moves monotonically to a higher 
As-cast 
Annealed  
at 983 K 
  
 
Chapter 4 Glass forming ability and magnetic properties in Fe-B-Nd-Nb system  
 110 
temperature, which can be clearly seen from the curves for x=67 to 59. At the same time, 
the onset temperature of the first peak remains almost unchanged at 1374 K. The fixed 
Tm indicated that alloys (FexB90-xNd10)96Nb4 (x=59 to 73) are in the same eutectic area.  
 
The XRD spectra for 1.5 mm (FexB90-xNd10)96Nb4 (x=59 to 73) are shown in Figure 
4.11. Weak crystalline peaks are observed for x=67 and the phases are identified to be 
Fe14Nd2B. As x increased from 67 to 71, the crystalline phase remained to be Fe14Nd2B 
and the peak intensity increased. For x=73, the phases are identified to be Fe14Nd2B and 
α-Fe. On the other hand, when x decreased from 65 to 61, only amorphous humps are 
observed without any detectable crystalline peaks, indicating that the ingots are fully 
amorphous. As x decreased further to 59, crystalline peaks are observed again and the 
phases are identified to be Fe4B4Nd1.1. DSC curves for the as-cast (FexB90-xNd10)96Nb4 
alloys are shown in Figure 4.12. The crystallization events are observed for x=59 to 71, 
confirming the existence of the amorphous phase in the ingots. Hence, the phase 
evolution for (FexB90-xNd10)96Nb4 alloys is: Fe14Nd2B + A to A to Fe4B4Nd1.1+ A (A for 
amorphous). The glass forming range for (FexB90-xNd10)96Nb4 is between x=63 and 65. 
 
Figure 4.13 shows the SEM micrographs for alloys (FexB90-xNd10)96Nb4 (x=59 to 73) 
in both low and high magnifications. The morphologies of phases identified by XRD 
spectra in Figure 4.11 are shown clearly. From the micrograph for x=73, the ingot was 
crystal and the grain size is larger than 10 µm. For x=71, 69 and 67, the particle size and 
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the volume fraction of Fe14BNd2 drop monotonically. When x decreases to 65 and 63, the 
microstructures are totally featureless, suggesting their amorphicity. Although the XRD 
spectrum for x=61 does not show any detectable crystal peaks, there is a small amount of 
crystal observed. The morphology is same with that for alloy x=59 which corresponds to 
Fe4B4Nd1.1 identified by XRD.  
 
























Chapter 4 Glass forming ability and magnetic properties in Fe-B-Nd-Nb system  
 112 






















Figure 4.11 XRD spectra for alloys (FexB90-xNd10)96Nb4 (x=59 to 73).  
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Figure 4.13  SEM micrographs in low and high magnifications for alloys 
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Figure 4.13 SEM micrographs in low and high magnifications for alloys 
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Figure 4.13 SEM micrographs in low and high magnifications for alloys 
(FexB90-xNd10)96Nb4 (x=59 to 73). (Continued). 
 
The thermal properties are summarized in Table 4.1. As x decreases from 69 to 59, Tg 
reaches a maximum value of 912 K (x=63) first and then decreases monotonically. Tx 
increases monotonically to a maximum value of 961 K (x=63) first and decreased to 945 
K monotonically. Although Tm remains almost unchanged at 1374 K, Tl decreases to a 
minimum value of 1413 K (x=69) and then increases monotonically to 1568 K. The 
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trend is observed for ∆T. 
 
Table 4.1 Thermal properties for alloys (FexB90-xNd10)96Nb4 (x=59 to 73).   
 









x=73 -- -- 1429 1376 -- -- -- 
71 -- 923 1419 1375 -- -- -- 
69 905 944 1413 1376 0.640 39 0.407 
67 904 945 1477 1374 0.612 41 0.397 
65 920 958 1515 1373 0.607 38 0.393 
63 912 961 1526 1371 0.597 49 0.394 
61 905 956 1552 1373 0.583 51 0.389 
59 900 941 1568 1372 0.574 41 0.381 
 
 


































Figure 4.14 Hysteresis loops for alloys (FexB90-xNd10)96Nb4 (x=59 to 73). 
  
 
Chapter 4 Glass forming ability and magnetic properties in Fe-B-Nd-Nb system  
 117 


















































Figure 4.15 Magnetic properties as a function of Fe content for (FexB90-xNd10)96Nb4 
(x=59 to 73). 
 
The hysteresis loops for (FexB90-xNd10)96Nb4 (x=59 to 73) are shown in Figure 4.14 
and magnetic properties (Hc and Ms) as a function of Fe content are plotted in Figure 
4.15. The saturation magnetization Ms is increasing from x=59 to 65 because of the 
increase of Fe content. Then Ms drops to 60 Am2/kg for x=67 possibly due to the 
undersaturation of the hard magnetic phase Fe14BNd2. As x increases further from 69 to 
73, Ms increases monotonically and reaches a maximum value of 90 Am2/kg. On the 
other hand, the coercivity Hc remains below 0.1 kA/m for x=59 to 65 as the ingots are 
mostly amorphous. As x increases from 67 to 71, Hc increases monotonically and reaches 
a maximum value of 720 kA/m at x=71 because of the volume fraction increase of the 
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fully crystalline.  
4.2.2 Results for (FexB23Nd77-x)96Nb4 alloys 
 
To study the GFA of alloys with a fixed B content and the effect of Nd/Fe content on 
microstructure and magnetic properties, alloy series (FexB23Nd77-x)96Nb4 (x=65 to 74) 
was designed and 1.5 mm rod samples were prepared. The melting behavior for alloys 
(FexB23Nd77-x)96Nb4 (x=65 to 74) is shown in Figure 4.16. For x=74 to 67, the DSC 
curves consist of two melting peaks. And the first melting peak is split into two 
continuous peaks for alloy x=67. Tl is observed to jump from 1550 K (x=69) to 1476 K 
(x=67). As the Fe content decreases further to 65, three melting peaks are observed and 
Tl decreases slightly to 1460 K. For all alloys, Tm remained unchanged at 1374 K.  
13 0 0 1 4 0 0 1 5 0 0 1 6 0 0
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         Fe4B4Nd1.1
























Figure 4.17  XRD spectra for 1.5 mm alloys (FexB23Nd77-x)96Nb4 (x=65 to 74). 
 












Figure 4.18  DSC curves for 1.5 mm alloys (FexB23Nd77-x)96Nb4 (x=65 to 74). 
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x=69 to 67 was observed and Tm was fixed at about 1374 K which indicated that alloys 
(FexB23Nd77-x)96Nb4 had the same eutectic reaction. 
 
The XRD spectra for 1.5 mm as-cast ingots (FexB23Nd77-x)96Nb4 (x=74 to 65) are 
shown in Figure 4.17. Strong crystalline peaks are observed for the XRD spectrum of 
x=74 and the phases are identified to be Fe23B6 and Fe4B4Nd1.1. As Fe content decreases 
from 72.5 to 69 at.%, the ingots are fully amorphous, without significant diffraction 
peaks but amorphous humps. When Fe content decreases further to 67 at.%, the XRD 
spectrum illustrates weak peaks over the main amorphous hump, which indicate the 
presence of crystalline phases. The crystalline phases are identified to be Fe14Nd2B. The 
further decrease of Fe content to x=65 results in strong crystalline peaks corresponding to 
Fe4B4Nd1.1 and Fe14Nd2B. DSC curves for the as-cast (FexB23Nd77-x)96Nb4 alloys are 
shown in Figure 4.18. The crystallization events are observed for x=67 to 74, confirming 
the existence of the amorphous phase in the ingots. For x=65, the flat curve indicated that 
the ingot is fully crystalline. In summary, for alloys (FexB23Nd77-x)96Nb4 the phase change 
as Fe content decreases is: Fe23B6+Amorphous (ring-type, x=74) to Amorphous (x=72.5 - 
69) to Fe14BNd2+Amorphous (x=67) to Fe4B4Nd1.1+Fe14BNd2 (x=65). The glass forming 
range is x=72.5 to 69. 
 
The thermal properties for alloys (FexB23Nd77-x)96Nb4 are summarized in Table 4.2. 
As x decreases from 74 to 67, Tg increases first and decreases monotonically after a 
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maximum value of 908 K. Tx increases monotonically first and after a maximum value of 
952 K decreases to 945 K. Although Tm remains almost unchanged at 1374 K, Tl 
decreases and a jump from x=71.5 to 69 is observed. In summary, the values of Trg, ∆T 
and γ increased monotonically as x decreased from 74 to 67. 
 
Table 4.2  Thermal properties for (FexB23Nd77-x)96Nb4 (x=65 to 74). 
 









x=74 876 893 1554 1377 0.564 17 0.367 
72.5 887 927 1550 1375 0.572 40 0.380 
71.5 908 952 1552 1374 0.585 44 0.387 
69 904 952 1544 1376 0.586 48 0.389 
67 898 945 1477 1374 0.608 47 0.398 
65 -- -- 1469 1375 -- -- -- 
 
The SEM micrographs are shown in Figure 4.19 for alloys (FexB23Nd77-x)96Nb4 (x=65 
to 74) in both low and high magnifications. The morphologies of phases identified by 
XRD spectra in Figure 4.17 are observed clearly. For x=74, the alloy is a ring-type 
composite and the microstructure in the center shows the morphology of Fe23B6 and 
Fe4B4Nd1.1. Although XRD spectrum for alloy x=72.5 does not show any detectable 
crystalline peaks, a small amount of crystal is observed (about 4% volume fraction). The 
crystalline phase is identified to be Fe23B6 according to the similar morphology observed 
for x=74. For x=71.5 and 69, the microstructures are totally featureless, which verify 
their amorphicity. For x=67, the ingot is a glass matrix composite with uniformly 
distributed Fe14BNd2. As the Fe content decreases further to 65 at.%, fully crystalline 
structure is observed and the phases are Fe14BNd2 and Fe4B4Nd1.1 by XRD (Figure 4.17). 
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Figure 4.19  SEM micrographs in low and high magnifications for alloys 


















Figure 4.19  SEM micrographs in low and high magnifications for alloys 
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Figure 4.20  Hysteresis loops for alloys (FexB23Nd77-x)96Nb4 (x=65 to 74). 
 


















































Figure 4.21 Magnetic properties as a function of Fe content for (FexB23Nd77-x)96Nb4 
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From Figure 4.19, the morphologies of Fe23B6, Fe14BNd2 and a mixture of Fe14BNd2 and 
Fe4B4Nd1.1 are revealed. 
 
The hysteresis loops for 1.5 mm alloys (FexB23Nd77-x)96Nb4 (x=65 to 74) are shown 
in Figure 4.20. The coercivity Hc and saturation magnetization Ms as a function of Fe 
content are plotted in Figure 4.21. The saturation magnetization Ms is increasing from 
x=65 to 74 because of the increase of Fe content. On the other hand, the coercivity Hc 
decreases from 206 to 1.6 kA/m as the phases change from Fe14BNd2 + Fe4B4Nd1.1 (x=65) 
to fully amorphous (x=69). For x= 71.2 to 72.5, Hc is less than 1 kA/m because they are 
fully amorphous. For x= 74, the Hc increases to 4 kA/m because of the crystalline phases 
in the center of the ingot.  
 
4.2.3 Results for (Fe67-0.4yB33-0.6yNdy)96Nb4 alloys 
 
To study the GFA of alloys with a fixed Fe content and the effect of Nd/B content on 
microstructure and magnetic properties, alloy series (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 
12) was designed and 1.5 mm rod samples were prepared. The melting behavior for 1.5 
mm alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12) is shown in Figure 4.22. As y 
increases from 1.5 to 5.5, the liquidus temperature Tl decreases slightly. The DSC curves 
consist of three melting peaks and the intensity of the last melting peak becomes lower 
and lower. As y increases to 8, the last melting peak at about 1620 K for y=5.5 vanishes 
and Tl drops suddenly to 1525 K. At the same time, the first melting peak is split into two 
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consecutive melting peaks and the intensity of the last melting peak at 1525 K becomes 
weaker for y=10 to 12. However, the onset temperature of the first melting peak is 
unchanged at about 1374 K, which indicates that all alloys have the same eutectic 
reaction. 













Figure 4.22 Melting behavior for alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12). 
 
The XRD spectra of 1.5 mm as-cast ingots (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12) 
are shown in Figure 4.23. Strong crystalline peaks are observed for alloys y=1.5 and 3 
and the phases are identified to be Fe2B and α-Fe. For y=5.5 to 10, the ingots are fully 
amorphous showing no significant diffraction peaks but amorphous humps. When Nd 
content increases further to 12 at.%, the XRD spectrum shows strong crystalline peaks, 
which correspond to Fe4B4Nd1.1 and Fe14BNd2. The DSC curves for alloys 
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events are observed for y=3 to 10, which indicate the presence of amorphous phase in the 
alloys. For y=1.5 and 12, the ingots are fully crystalline. In summary, for alloys 
(Fe67-0.4yB33-0.6yNdy)96Nb4 the phase change as Nd content increases is: Fe2B + α-Fe + 
Amorphous
 
(y= 3) to Amorphous (y=5.5 to 10) to Fe4B4Nd1.1 + Fe14BNd2 (y=12). The 
glass forming range is from y=5.5 to 10.  
 




















Figure 4.23  XRD spectra for alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12).   
 
The thermal properties of alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 are summarized in Table 
4.3. It can be seen that as y increases from 3 to 10 Tg increases and Tx decreases 
monotonically, which results in the monotonic decrease of ∆T. Although Tm remains 
unchanged at about 1372 K, Tl decreases monotonically and a jump of Tl is observed 









  Fe2B         Fe14BNd2   
  Fe4B4Nd1.1    α-Fe 
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Figure 4.24  DSC curves for alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12).  
 
Table 4.3 Thermal properties for alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12). 
 









y=1.5 -- -- 1634 1373 -- -- -- 
3 903 983 1628 1371 0.555 80 0.388 
5.5 901 968 1623  1372 0.555 67 0.383 
8 909 965 1530 1370 0.594 56 0.396 
10 912 961 1526 1371 0.597 49 0.394 
12 -- -- 1508 1372 -- -- -- 
 
The SEM micrographs for alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 are shown in Figure 4.25 
in both low and high magnifications. The morphologies of phases identified by the XRD 
in Figure 4.23 were observed clearly. For y=1.5, the alloy is fully crystalline and a 
morphology of dendrite is observed. As Nd content increases to 3 at.%, the ingot is a 
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microstructures are totally featureless, which indicate their amorphicity. When y 
increases further to 12, the crystalline structure is observed and the phases are Fe4B4Nd1.1 
and Fe14BNd2 identified by XRD (Figure 4.23).  
 
The hysteresis loops for 1.5 mm (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12) are shown in 
Figure 4.26. The coercivity Hc and saturation magnetization Ms as a function of Nd 
content are plotted in Figure 4.27. The saturation magnetization Ms decreases from y=1.5 
to 12 because of the decreasing of Fe content. Compared with the fully amorphous alloy 
at y=5.5 to 10, the second phase of Fe2B had a higher Ms of 166 Am2/kg which resulted 
in the increase of Ms for alloys x= 1.5 and 3. For y=12, the existence of Fe4B4Nd1.1 
decreased the Ms because its Curie temperature (37 K) was far below the room 
temperature. On the other hand, as y increases from 1.5 to 3 the coercivity Hc decreases 
from 10.6 to 0.9 kA/m as the phases change from Fe2B + α-Fe (y=1.5) to Fe2B + 
Amorphous (y=3). After that, Hc decreases to 0.01 kA/m because of the increasing 
volume fraction of amorphous phase and remains unchanged for y= 5.5 to 10. For y=12, 









Figure 4.25  SEM micrographs in low and high magnifications for alloys 
















Figure 4.25  SEM micrographs in low and high magnifications for alloys 
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Figure 4.26 Hysteresis loops for alloys (Fe67-0.4yB33-0.6yNdy)96Nb4 (y=1.5 to 12). 
 




















































Figure 4.27 Magnetic properties as a function of Nd content for alloys 
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4.2.4 Location of the best glass former for (Fe, Nd, B)96Nb4 alloys 
 
Within the glass forming zone for 1.5 mm ingots, a smaller glass forming zone for 3 mm 
ingots by the low pressure injection casting was found (indicated by the triangle in 
Figure 4.28). The XRD spectra for 3 mm alloys (Fe67B27Nd6)96Nb4, (Fe67B25Nd8)96Nb4 
and (Fe69B25Nd6)96Nb4 (indicated by solid circles in Figure 4.28) are shown in Figure 
4.29. Only amorphous humps without any crystalline peaks are observed, indicating that 
the ingots are fully amorphous. While for 3 mm alloys (Fe71.2Nd5.8B23)96Nb4, 
(Fe65.5Nd8.5B26)96Nb4 and (Fe65.5Nd6.5B28)96Nb4 (indicated by half filled circles in Figure 
4.28), strong crystalline peaks are observed in XRD spectra (Figure 4.30). Based on the 
XRD spectra, the glass forming zone for 3 mm ingots exists over a compositional area 
with an Fe content from 66 at.% to 70 at.% and Nd content from 5 at.% to 9 at.%.  
 
Through further GFA study of the alloys within the glass forming zone for 3 mm 
ingots, a 4 mm fully amorphous ingot was obtained at (Fe68B25Nd7)96Nb4. The 
characteristic amorphous hump and the absence of crystalline peaks prove that the ingot 
is fully amorphous within the limit of detection of the XRD measurement (Figure 4.3). 
The featureless microstructures in SEM micrographs in both high and low magnifications 
(Figure 4.5 and Figure 4.6) confirm its amorphicity. The best glass former of 
(Fe68B25Nd7)96Nb4 is the largest BMG for Fe-B-Nd based alloys to date and it is among 
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Figure 4.28  Glass forming zone for 3 mm Fe-B-Nd-Nb alloys. The best glass former is 
indicated by the circle. 
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(Fe 67B 25N d 8)96N b 4  b
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Figure 4.29 XRD spectra for 3 mm as-cast ingots: (Fe67B27Nd6)96Nb4 (a), 
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Figure 4.30  XRD spectra for 3 mm as-cast alloys just outside the glass forming zone: 
(Fe71.2Nd5.8B23)96Nb4 (a), (Fe65.5Nd8.5B26)96Nb4 (b) and (Fe65.5Nd6.5B28)96Nb4 (c). 
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Figure 4.31  DSC curve for the best glass former (Fe68B25Nd7)96Nb4. The glass 
transition is enlarged in the inset. 
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Table 4.4  Thermal properties of (Fe68B25Nd7)96Nb4 (4 mm dia.) determined by high 
temperature DSC at a heating rate of 0.17 Ks-1. 
 
Alloy Tg(K) Tx(K) Tm(K) Tl(K) ∆T(K) Trg γ 
(Fe68B25Nd7)96Nb4 923 968 1374 1501 45 0.615 0.399 
 
Figure 4.31 shows the DSC curve for (Fe68B25Nd7)96Nb4. Crystallization event and 
the glass transition (shown in the inset) are clearly observed. The glass transition 
temperature Tg and the onset crystallization temperature Tx are indicated by arrows. 
Thermal properties are summarized in Table 4.4. The reduced glass transition 
temperature Trg (=Tg/Tl) 18 is over 0.6 and the γ value (=Tx/(Tg+Tl)) 19 is about 0.4. 
According to Lu and Liu’s work 20, the critical diameter was estimated to be 5 mm, 
which was slightly larger than that for (Fe68B25Nd7)96Nb4 (4 mm).  
 
4.3 Composite formation and magnetic properties for 3 
mm ingots 
 
Based on the phase selection criterion 8, 21, composites of primary crystalline phase and 
glass phase will be formed in the alloys on the line connecting the best glass forming 
alloys and the primary crystalline phases. To investigate the composite formation and the 
effect of such a microstructure on the magnetic properties, two series of alloy (shown as 
broken lines in Figure 4.2)
 
were designed. One is (Fe68+32xB25-25xNd7-7x)96Nb4 (x=0.1, 0.13, 
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0.16 and 0.22) on the line connecting the best glass former (Fe68B25Nd7)96Nb4 to α-Fe. 
The other is (Fe68+14yB25-19yNd7+5y)96Nb4 (y=0.14, 0.29 and 0.36) on the line from the best 
glass former to Fe14Nd2B.  
 
4.3.1 Results for 3 mm (Fe68+32xB25-25xNd7-7x)96Nb4 alloys  
 
Alloys (Fe68+32xB25-25xNd7-7x)96Nb4 (x= 0, 0.10, 0.13, 0.16, 0.22) were designed to study 
whether ductile α-Fe phase could be formed in the amorphous matrix. XRD spectra for 
(Fe68+32xB25-25xNd7-7x)96Nb4  (x= 0, 0.10, 0.13, 0.16, 0.22) are shown in Figure 4.32. For 
x=0, only amorphous hump without any detectable crystalline peaks is observed, 
indicating that the as-cast ingot is fully amorphous. When x= 0.1 and 0.13, a weak 
crystalline peak is observed, which corresponds to Fe23B6. As x increases to 0.16 and 
0.22, multiple crystalline peaks in a stronger intensity are observed which corresponds to 
Fe23B6 and Fe17Nd2. The amorphous phase in alloys x=0 to 0.16 is confirmed by the 
crystallization events in DSC traces (Figure 4.33). For x=0.22, the sample is crystal 
because no exothermic peak was observed. Hence, 3 mm composites were successfully 
obtained. The SEM micrographs are shown in Figure 4.34. For x=0, the microstructures 
in both high and low magnification are featureless, indicating that the 3 mm ingot is fully 
amorphous. For x=0.1 and 0.13, the microstructure in low magnification are featureless 
but those in a high magnification show a small amount of particles that is identified to be 
Fe23B6 by XRD. As x increases to 0.16, the ingot is a ring-type composite in a low 
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magnification. Only dendrites are observed in the center. For crystalline ingot x=0.22, the 
micrograph in a low magnification shows a uniform microstructure and that in a high 
magnification shows a dendrite morphology. In summary, for (Fe68+32xB25-25xNd7-7x)96Nb4 
that are on the line connecting the best glass former (Fe68B25Nd7)96Nb4 to α-Fe, 3 mm 
composites with uniformly distributed second phase Fe23B6 can be formed for x= 0.10 to 
0.13. No composite with α-Fe as the reinforcement is observed. When the Fe content is 
too high for x=0.16, a ring-type composite is formed for x=0.22. 
 





















Figure 4.32  XRD spectra for as-cast 3mm ingots for (Fe68+32xB25-25xNd7-7x)96Nb4 (x=0, 
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Figure 4.33  DSC curves for alloys (Fe68+32xB25-25xNd7-7x)96Nb4 (x=0, 0.10, 0.13, 0.16, 
0.22). 
 
The magnetic properties of alloys (Fe68+32xB25-25xNd7-7x)96Nb4 (x= 0, 0.10, 0.13, 0.16, 
0.22) were studied and the hysteresis loops are shown in Figure 4.35. All as-cast ingots 
are good soft magnets. As x increases from 0 to 0.22, the saturation magnetization Ms 
increases monotonically from 85 to 112 Am2/kg because of the increase of Fe content. 
On the other hand, as x increases, the coercivity Hc increases from 0.02 to 5.4 kA/m and 
then decreases slightly to 4.8 kA/m. After annealing at 1023 K for 15 min, the hysteresis 
loops for x=0.10, 0.13 and 0.16 are shown in Figure 4.36 (no annealing for x=0.22 due to 
the absence of the amorphous phase). The coercivity Hc increases substantially up to 70 
kA/m (x=0.13). And Ms remains the same value as that of the as-cast ingot. Magnetic 
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Figure 4.34 SEM micrographs in low and high magnifications for alloys 
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Figure 4.35 Hysteresis loops for 3 mm as-cast ingots (Fe68+32xB25-25xNd7-7x)96Nb4 (x= 0, 
0.10, 0.13, 0.16, 0.22). 
































Figure 4.36  Hysteresis loops for 3 mm ingots (Fe68+32xB25-25xNd7-7x)96Nb4 (x=0, 0.10, 




Chapter 4 Glass forming ability and magnetic properties in Fe-B-Nd-Nb system  
 142 
Figure 4.37. The magnetic phases for alloy x=0, which is the best glass former,
 
were α-Fe 
and Fe4B4Nd1.1. The magnetic phases for alloy x=0.13 (i.e. (Fe73B21Nd6)96Nb4) after 
annealing were α-Fe and Fe4B4Nd1.1. Therefore, good hard magnets cannot be obtained 
from (Fe68+32xB25-25xNd7-7x)96Nb4 because of the low coercivity and the lack of the 
principle hard magnetic phase Fe14Nd2B. 
 
















Figure 4.37 XRD spectra for 3 mm alloys annealed at 1023 K: (Fe73B18Nd9)96Nb4, 
(Fe68B25Nd7)96Nb4, (Fe73B21Nd6)96Nb4. The spectrum for 1.5 mm alloy 
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4.3.2 Results for 3 mm (Fe68+14yB25-19yNd7+5y)96Nb4 
 
Alloys (Fe68+14yB25-19yNd7+5y)96Nb4 (y=0, 0.14, 0.29, 0.36) were designed to investigate 
the formation of principal magnetic phase Fe14Nd2B and its effect on magnetic properties. 
3 mm composites were obtained and their XRD spectra are shown in Figure 4.38. When 
y= 0.14 and 0.29, crystalline peaks are observed and the phases are identified to be 
Fe14Nd2B and Fe17Nd2. As y increases to 0.36, crystalline peaks with a stronger intensity 
are observed and the phases are identified to be Fe17Nd2. The presence of the amorphous 
phase is confirmed by the crystallization events (Figure 4.39). The SEM micrographs are 
shown in Figure 4.40. For y=0.14 and 0.29, the SEM micrographs in low magnification 
are featureless but those in a high magnification show a large amount of particles that is 
identified to be Fe14Nd2B and Fe17Nd2 by XRD. As y increases to 0.36, the as-cast ingot 
is a uniform composite in a low magnification. In a high magnification, a large amount of 
Fe17Nd2 particles is observed. In summary, for (Fe68+14xB25-19xNd7+5x)96Nb4 that are on the 
line connecting the best glass former (Fe68B25Nd7)96Nb4 to Fe14Nd2B, 3 mm composites 
with uniformly distributed Fe14Nd2B and Fe17Nd2 can be formed for y= 0.14 to 0.29. The 
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Figure 4.38 XRD spectra for alloys (Fe68+14yB25-19yNd7+5y)96Nb4 (y=0, 0.14, 0.29, 0.36). 








































Figure 4.40 SEM micrographs in low and high magnifications for alloys 
(Fe68+14yB25-19yNd7+5y)96Nb4 (y=0, 0.14, 0.29, 0.36).. 
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The magnetic properties of 3 mm ingots (Fe68+14yB25-19yNd7+5y)96Nb4 (y=0, 0.14, 0.29, 
0.36) were studied and their hysteresis loops are shown in Figure 4.41. The as-cast ingots 
for y=0.14 and 0.29 display restricted loops, indicating that the ingots are composed of 
soft magnetic phases (amorphous and Fe17Nd2) and a hard magnetic phase (Fe14Nd2B). 
While for y=0 and 0.36, typical loops for soft magnets are observed due to the lack of the 
hard magnetic phase. As y increases from 0.14 to 0.36, the saturation magnetization Ms 
remains unchanged at ~85 Am2/kg. However, the coercivity Hc decreases greatly from 63 
to 12 kA/m because the volume fraction of hard magnetic phase Fe14Nd2B is decreased. 
The hysteresis loops for ingots annealed at 1023 K for 15 min are shown in Figure 4.42. 
As y increases from 0.14 to 0.36, the coercivity Hc after annealing is decreased 
substantially from 434 to 191 kA/m. The Ms remains the same values as those of the 
as-cast ingots. The magnetic properties for 3 mm ingots (Fe68+32xB25-25xNd7-7x)96Nb4 and 
(Fe68+14yB25-19yNd7+5y)96Nb4 are summarized in Table 4.5. Magnetic phases for an 
annealed alloy y=0.36 (i.e. (Fe73B18Nd9)96Nb4) are examined by XRD spectra shown in 
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Figure 4.41  Hysteresis loops for 3 mm as-cast ingots (Fe68+14xB25-19xNd7+5x)96Nb4 (x=0, 
0.14, 0.29, 0.36). 
 































Figure 4.42 Hysteresis loops for 3 mm ingots (Fe68+14xB25-19xNd7+5x)96Nb4 (x=0, 0.14, 
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Table 4.5  Magnetic properties for 3 mm ingots: as-cast and annealing at 1023 K for 15 
min. 
 

















(Fe68B25Nd7)96Nb4 Amorphous 0.02 85 -- 62 73 17 
        
(Fe68+32xB25-25xNd7-7x)96Nb4        
x=0.1 Composite 0.11 94 -- 42 80 14 
0.13 Composite 0.16 102 -- 71 80 13 
0.16 Ring-type 5.4 107 -- 26 108 10 
0.22 Crystal 4.8 112 -- -- -- -- 
        
(Fe68+14yB25-19yNd7+5y)96Nb4        
y=0.14 Composite 63 82 13 434 81 38 
0.29 Composite 44 84 11 370 82 38 
0.36 Composite 12 86 5 191 85 36 
 
4.3.3 Effect of annealing temperature on the magnetic properties  
 
The study on the effect of annealing temperature on the magnetic properties was carried 
out for (Fe70B22Nd8)96Nb4 composite, which potentially has a high Hc after annealing 
from its restricted hysteresis loop (Figure 4.41, y=0.14). The as-cast 3 mm ingot at 
(Fe70B22Nd8)96Nb4 was annealed at temperatures from 933 to 1023 K for a fixed period 
of 30 min. Figure 4.43 shows the hysteresis loops for the as-cast and ingots annealed at 
933, 953, 963, 973 and 1023 K respectively and the corresponding coercivity and 
remanence are plotted in Figure 4.44. Loops in Figure 4.43 are restricted. When the 
annealing temperature is above 973 K, the loops are not restricted and the coercivity 
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decreases substantially. As the annealing temperature increases, a maximum value of 888 
kA/m is observed at 953 K (Figure 4.44). And the remanence changes slightly in a range 
of 36 to 38 Am2/kg. 
 

































Figure 4.43 Hysteresis loops for (Fe70B22Nd8)96Nb4 ingots after annealing at various 
temperatures for 30 min. 
 
Figure 4.45 shows the maximum energy product (BH)max as a function of the 
annealing temperature for (Fe70B22Nd8)96Nb4 (annealing time is fixed at 30 min). As the 
annealing temperature increases, the maximum energy product reaches a maximum value 
of 18 kJ/m3 at 953 K and then decreases monotonically. When the temperature is above 
973 K, the maximum energy product decreases to about 15 kJ/m3. Based on our results, 
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Figure 4.44 Coercivity Hc and remanence Mr as a function of the annealing temperature 
for (Fe70B22Nd8)96Nb4. Annealing time is fixed at 30 min.  
 




















Figure 4.45 Maximum energy products (BH)max as a function of annealing temperatures 
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Figure 4.47 XRD spectrum at 27 degree (Fe14Nd2B (212) peak) for (Fe70B22Nd8)96Nb4 
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Table 4.6 Magnetic phases and hard magnetic properties of selected Fe-B-Nd-Nb alloys. 
Typical values of commercial Fe-Nd-B hard magnets are listed for comparison.  
 





























/30 min  Fe14Nd2B  Fe17Nd2 
18 
 








Ingot Fe14Nd2B -- -- 0 22 
Ribbon 
(19 m/s) Fe14Nd2B 
-- -- 
~115 22 
Bonded Fe14Nd2B Polymers 
-- -- 64-80 22 Fe14Nd2B 
Sintered Fe14Nd2B Nd-rich phase 
-- -- up to 
440 23 
 
The magnetic phases for the as-cast and annealed 3 mm (Fe70B22Nd8)96Nb4 at 933 K 
and 1023 K for 30 min are identified by XRD spectra, shown in Figure 4.46. For the 
as-cast ingot, the amorphous hump is observed indicating the presence of amorphous 
phase in the sample. After annealing at 933 K, the intensity of the peaks becomes 
stronger and the amorphous hump disappears. When the annealing temperature increases 
further to 1023 K, the XRD patterns remain similar. Thus only one representative 
spectrum at 1023 K is shown in Figure 4.46. The primary phases for samples (annealed 
at 953, 963, 973 and 1023 K) are identified to be Fe14Nd2B and Fe17Nd2. Although their 
XRD spectra are similar, substantial change of the coercivity is observed for the annealed 
samples (Figure 4.44). The grain size of Fe14Nd2B for the alloy annealed at 953 K having 
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the best (BH)max value 18 kJ/m3 is estimated by XRD spectrum to be about 65 nm (Figure 
4.47). 
 
From the study of GFA and magnetic properties, the compositional area for bulk hard 
magnet precursors was defined by the alloys listed in Table 4.6 and their magnetic 
properties (as-cast and annealed) are summarized. For the best glass former 
(Fe68B25Nd7)96Nb4, the phases after annealing are α-Fe and Fe4B4Nd1.1 without the hard 
magnetic phase Fe14Nd2B. Thus, hard magnets cannot be produced from 
(Fe68B25Nd7)96Nb4 though its GFA is the best. For (Fe70B22Nd8)96Nb4 that is on the line 
from the best glass former to Fe14Nd2B and close to the best glass former, its as-cast ingot 
consist of a glass matrix with uniformly distributed Fe14Nd2B and small amount of 
Fe17Nd2. The phases after annealing are identified to be Fe14Nd2B and Fe17Nd2 only. A 
hard magnet is obtained with a coercivity of 888 kA/m and a (BH)max of 18 kJ/m3. For 
another composition (Fe73B18Nd9)96Nb4 that is on the line from the best glass former to 
Fe14Nd2B and close to the phase Fe14Nd2B, the as-cast ingot consist of a glass matrix 
with uniformly distributed Fe17Nd2. After annealing, the coercivity is only 191 kA/m, 
much lower than that of (Fe70B22Nd8)96Nb4 (after annealing). For as-cast bulk Fe14Nd2B, 
it was reported that (BH)max was near zero 24. Therefore, for compositions on the line 
from the best glass former to Fe14Nd2B, hard magnets could be obtained only by ingots 
in a compositional range from (Fe70B22Nd8)96Nb4 to (Fe73B18Nd9)96Nb4 (i.e. 0.14<x<0.29 
in (Fe68+14xB25-19xNd7+5x)96Nb4). For another alloy series (Fe68+32xB25-25xNd7-7x)96Nb4 that 
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are on the line from the best glass former to α-Fe,
 
the primary phase is Fe23B6. After 
annealing, all alloys show soft magnetic properties (Figure 4.36), indicating that 
(Fe68+32xB25-25xNd7-7x)96Nb4 cannot be the precursor for hard magnets. In summary, 3 mm 
bulk hard magnets could be formed by annealing the amorphous precursors in a 
compositional area (Figure 4.48) with Fe 67 to 73 at.%, B 20 to 24 at.% and Nd 6 to 10 
at.% (Nb is fixed at 4 at.%). 
 
 



















Figure 4.48 Compositional area for Fe-B-Nd-Nb composites to produce bulk hard 
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4.4 Mechanical properties 
 
The ingot with a diameter of 1.5 mm, length of 3 mm for (Fe68B25Nd7)96Nb4 was 
prepared for compression test. The strain-stress curve is shown in Figure 4.49. The stress 
increases linearly as strain increases until the fracture occurs. Only elastic deformation is 
observed without any detectable plastic deformation. This was the typical characteristic 
of Fe-based amorphous alloys. The strain before fracture was about 1.8% and the fracture 
stress was 3.6 GPa, which were typical values for Fe-based BMGs. 














S train  (% )




Figure 4.49  Stress-strain curve for 1.5 mm as-cast ingot at (Fe68B25Nd7)96Nb4. 
 
The hardness (H) was estimated to be 10.8 GPa by equation H=K*σy 25 where K is a 
constant of ~3 and σy is yield strength. Young’s modulus was about 200 GPa (by the 
deviation of the linear relation).  
(Fe68B25Nd7)96Nb4 
D=1.5mm, L=3 mm 
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In previous chapters, GFA was studied in detail and BMGs were discovered in Fe-B-
Y/Nd and Fe-B-Nd-Nb
 
systems. In Fe-B-Y system, the best glass former was located at 
Fe71.2B24Y4.8 in Fe-rich corner with a critical diameter of 1 mm (by suction casting). In 
Fe-B-Nd system, the best glass former was located at Fe67B23Nd10 with a critical diameter 
of 1 mm (by injection casting). It was the first time to synthesis BMGs in ternary Fe-
based systems. Based on the GFA study, strong dependency of GFA on the content of 
Y/Nd was revealed in Fe-B-Y/Nd systems. Furthermore, the ternary BMGs would make 
it easier to design (or locate) BMGs with larger critical diameters in quaternary or higher 
order systems.  
 
Quaternary Fe-B-Nd-Nb best glass former was located at Fe65.28B24Nd6.72Nb4 with a 
critical diameter of 4 mm (by injection casting). It is more than triple the reported largest 
critical diameter of 1.2 mm for Fe-B-Nd based alloys at Fe60.3Co9.2Nb2Nd3Dy0.5B25 1, 2. At 
the same time, Fe65.28B24Nd6.72Nb4 is the largest Fe-based BMG for any quaternary or sub-
quaternary alloy systems to date, compared with other reported Fe-based BMGs 3-5. 
According to the common belief that GFA could be generally improved if the alloys are 
multicomponent 6, adding more elements should increase the critical diameter. Therefore, 
the best glass former discovered in this project, Fe65.28B24Nd6.72Nb4, should be a good 
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starting point for the development of larger BMGs in Fe-based alloys, especially in Fe-B-
Nd based multicomponent alloys. 
 
5.1 Effect of rare earth elements on GFA 
 
5.1.1 Strong dependence of GFA on Y/Nd 
 
The critical sizes for the glass formation as a function of Y content for the alloys with a 
fixed Boron content 24 at% are shown in Figure 5.1. It is indicated that any alloy 
deviating from the best glass former has a poorer GFA. From SEM micrographs in Figure 
5.2, the change of GFA for Fe76-xB24Yx alloys is demonstrated clearly. When x=3.8, the 1 
mm ingot is fully crystalline and the critical thickness is regarded as 0.05 mm since this 
alloy is in the glass forming zone for ribbon samples (Figure 3.18). When Y content is 
increased to 4.3 at.%, a ring-type composite was obtained (poor GFA) and the critical 
thickness is estimated as 0.5 mm. As Y content is increased to 4.8 at.%, the GFA reaches 
a maximum at Fe71.2B24Y4.8 with a critical diameter of 1 mm. If Y content increases 
further, the critical thickness drops to 0.3 mm at x=5.3 and to 0.05 mm at x=5.8. The 
GFA in this case has such a strong dependency on Y content, i.e. within 3 at% span, the 
critical size changes from 100 µm to 1 mm, and back again, 10 times difference. 








Figure 5.1 Critical thickness as a function of Y content along Fe86-xB24Yx, Glass forming 
zone for ribbon samples (~50 µm) is indicated by italic strips. The Fe-Fe4B4Y 
line at 5.8 at.% Y is indicated by the arrow. 
 
The same dependency of GFA on elemental content is observed in Fe-B-Nd system. 
Figure 5.3 schematically shows the critical thickness change as a function of Nd content 
for the alloys Fe67B33-xNdx (based on XRD spectra in Figure 4.10). For x increases from 6 
to 8, the intensity of crystalline peaks decreases, which indicates the increase of the 
amorphous phase in samples and the improvement of GFA, though the critical thickness 
was less than 100 µm. For x=10, fully glassy rod of 1 mm was obtained and the critical 
thickness reached the maximum value. As x increases further from 12 to 13, the intensity 
of crystalline peaks increases, which indicates the decrease of the amorphous phase in 
samples and the deterioration of GFA, though the critical thickness is less than 100 µm.  
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Figure 5.2  SEM micrographs in a low magnification for alloys Fe86-xB24Yx (x=3.8 to 5.8). 






Z ~0.5 mm 
Z/2~0.15 mm 
Z~0.3 mm 
a. x=3.8 b. x=4.3 
c. x=4.8 d. x=5.3 
e. x=5.8 
Z <0.05 mm 
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The GFA in this case also shows a strong dependency on Nd content, i.e. within 4 at.% 
interval, the critical thickness changes from <100 µm to 1 mm, and back again, 10 times 
difference. Therefore, the content of Nd is vital to the location of the best glass former in 
the Fe-B-Nd system just as Y content does in Fe-B-Y system.  
 
In summary, the content of Y/Nd plays an important role in the location of the best 
glass formers in Fe-B-Y/Nd systems. 
 


























Figure 5.3 Critical thickness as a function of Nd content for Fe67B33-xNdx (x=6 to 13). 
 
5.1.2 Role of Y/Nd on glass formation 
 
Various Fe-based BMGs developed with Y/Ln addition are listed in Table 5.1. The best 
glass former Fe71.2B24Y4.8 in Fe-B-Y system is listed in the last row for comparison. 
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Compared with the base alloys, the critical sizes for alloys with Y/Ln addition were 
improved substantially. From this table, it can be seen that the Y/Ln elements are added 
by the conventional simple substitution method. For example, Er was added to replace Fe 
in alloys (Fe52-xErx)Mn10Cr4Mo12C15B6 7 and Y was added to replace Fe in alloys (Fe63-
xYx)Zr8Co6Al1Mo7B15 8. For alloys (Fe52-xErx)Mn10Cr4Mo12C15B6, as the Er content 
increased, the critical diameter varied from 3mm (x=0) to 7 mm (x=2) and to 6 mm (x=3). 
Hence, the Er content was optimized at 2 at.%. By the same method, the largest critical 
diameter was obtained at 2 at.% Y for alloys (Fe61Y2)Zr8Co6Al1Mo7B15 8. In the same 
way, the Y/Ln content was also at 2 at.% for other BMGs listed in Table 5.1. However, 
the Y content of the best glass former in our present Fe-B-Y system is at 4.8 at.%, which 
is twice as much as those in the reported Fe-based BMGs.  
 
Since Y/Ln displayed such an effective role in improving the GFA of Fe-based alloys, 
the mechanism was studied extensively. For example, Ponnambalam et al. 9 noticed that 
the Y to Fe atomic size ratio of approximately 1.4 was practically the largest values 
attainable in Fe-based alloys. Based on the fact that the appropriate atomic-size mismatch 
may benefit GFA, if the atomic-level stress due to large atom solutes had become too 
large for the crystalline state to remain stable, the system would be left in the vitrified 
state upon cooling from the melt 10. Experimentally, the enhancement of the GFA by 
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On the other hand, it was suggested by Lu et al. 11 and Ponnambalam et al. 7 that Y has 
the role of an oxygen scavenger in some glassy Fe-alloys, which leads to the suppression 
of heterogeneous nucleation and improved glass formability. The oxygen levels detected in 
their Fe-based glassy alloys with Y/Ln addition were found to be approximately 150–300 
ppm, which were about an order of magnitude lower than those found in the Fe-B type 
alloys without Y addition 11. 
 
Table 5.1 Various Fe-based BMGs improved by Y/Ln additions. 
 
Equivalent content at.% 





















4 (Fe44.3Cr5Co5Mo12.8 Mn11.2C15.8B5.9)98.5Y1.5 12 77.1 21.4 1.5 12 




5 78 21 1 
(Fe51Er2)Mn10Cr4Mo12 
C15B6 









16 77 21 2 13 




Lu et al. 12 also discussed that the alloy (Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 was 
associated with deep eutectics of studied Fe-(C, B) system. The eutectic temperature (i.e., 
the onset melting points Tm) of this alloy was more than 80–100 K lower than those of the 
best glass-forming compositions, suggesting that this new alloy was at or close to the deep 
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eutectic. It is well known that compositions around the deep eutectic are the best 
compositions for glass formation in any given system. At such points, the liquids have the 
largest stability and ordering 14, 15. As a result, glass formation is greatly favored 
thermodynamically. 
 
Another point of Lu et al. 12 was that the minor addition of Y strikingly promotes glass 
formation in the Fe-(C, B) system via suppressing the formation of the primary phase. 
Because of their limited solubility in the Fe carbides, the Y atoms must redistribute and 
long-range diffusion is required upon solidification. Thus, the minor addition of yttrium 
can effectively retard the nucleation and growth of the primary phase (i.e. Fe carbides) 
upon cooling, leading to a dramatic depression in the liquidus temperature (Tl). The 
yttrium addition in (Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 not only destabilized the 
competing crystalline phases but also stabilized the liquid phases. Because of the above 
interpretations many believed that GFA was improved by the minor amount of Y addition 
that is limited at 2 at.%.  
 
However, our present study perhaps offered a new interpretation: Y element was a 
base element despite of its small content. Y played an important role on the glass 
formation and Y-containing phase was one competing phase with glass. And this 
interpretation led to a completely different method (phase competing) for designing Fe-
based BMGs. According to the isothermal section (Figure 3.1), the best glass former 
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Fe71.2B24Y4.8 is in the phase triangle Fe-Fe2B-Fe4B4Y, which limits the Y content below 
10 at.%. The observation of three competing phases, Fe, Fe2B and Fe4B4Y (Figure 3.28), 
verified the point that the best glass former was restricted in the phase triangle Fe-Fe2B-
Fe4B4Y. According to the pinpoint strategy, when the competing phase changed from one 
phase (Fe2B) to another phase (Fe4B4Y), the best glass former should be located between 
them. Therefore, the Y content was limited further in the range 4.65 to 4.9 at.% by alloy 
Fe70.85B24.5Y4.65 and Fe70.7B24.4Y4.9 that displayed the competing phase of Fe2B and 
Fe4B4Y, respectively. Finally, the Y content of the best glass former was optimized at 4.8 
at.%. In addition, the observation of Y-containing competing phase Fe4B4Y confirmed 
that Y was a base element in Fe-B-Y alloys.  
 
There are two important observations in our study, (1) there is a strong dependency of 
GFA on Y content (Figure 5.1); and (2) the amount of Y in the best glass formers is 
relatively small, at 5 at.% (however, larger than 2 at.%) appearing to be a minor addition. 
Both of these are possibly due to the limited Y content by the Fe-B-Y phase diagram, 
especially by the phase Fe4B4Y where the maximum Y content is 11 at.%. Although the 
amount of Y in the alloy compared with Fe and B is small, its role in deciding GFA is not 
minor obviously (Figure 5.1). Yttrium actually should be treated as a base element as 
same as Fe and B in the alloys despite of its small amount. This interpretation is very 
much consistent with our recent findings in Zr-Cu-Al alloys where all of the best glass 
forming alloys have Al content limited below 6-8 at.%, all of which are limited by their 
corresponding ternary triangles 16.  
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For Fe-B-Nd based alloys, Nd was not reported to greatly enhance GFA of Fe-based 
BMGs. However, it was expected that if such BMGs enhanced by Nd were obtained, Nd 
would play an important role in glass formation as well and the Nd content should also be 
limited by Fe4B4Nd1.1, i.e. Nd content should be less than 12 at.%. In our work, 1 mm 
BMG Fe67B23Nd10 and 4 mm BMG Fe65.28B24Nd6.72Nb4 were discovered. The limitation 
of Nd content was verified as the Nd content of 10 or 6.72 at.% was less than 12 at.%.    
 
5.1.3  How to locate BMGs with good GFA 
 
5.1.3.1 Disadvantage of simple substitution from lower order alloys 
 
It is well known that most Fe-based BMGs are developed based on the binary starting 
point Fe80B20 by a simple substitution method. For example, to find alloys with good 
GFA in ternary Fe-B-M system (M is the third element), three alloy series Fe80B20-xMx, 
(Fe80B20)100-xMx and Fe80-xB20Mx (dashed lines in Figure 5.4) should be studied based on 
this method. However, for M=Y or Nd it is impossible to discover the best glass former 
Fe71.2B24Y4.8 or Fe67B23Nd10. One reason is that the maximum B concentration of the three 
alloy series is 20 at.% that is 3 to 4 at.% less than the B content of the best glass formers. 
The other reason that interprets the missing of the best glass former is the strong 
dependency of GFA on the composition (Figure 5.1 and Figure 5.3). With 1 or 2 at.% 
change of Y/Nd, the critical size of Fe-B-Y/Nd alloys could change by a factor of 10. 
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Although 1 to 2 at.% difference of B is not a large compositional interval, the critical size 
may change greatly. Therefore, it is impossible to discover the best glass formers in Fe-
B-Y/Nd systems by the simple substitution method. Instead, the best glass formers were 
successfully located in Chapter 3 by the pinpoint strategy. 
 
 

















Figure 5.4  Phase diagram in Fe-rich corner of Fe-B-Y/Nd system. The best glass formers 




5.1.3.2 Disadvantage of complete replacement 
 
It is known to all that the elements in the same group display similar chemical properties 
due to the same electron configurations in their valence shells. Conventionally, the 
complete replacement within the same group based on reported BMGs was used to 
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develop BMGs in other alloy systems. However, complete replacement with certain 
elements resulted in poorer GFA. For example, based on the ternary 2 mm BMG 
Fe72B22Y6 alloys were developed by complete replacement of Y with other rare earth 
elements (Table 5.2) 17. 1 mm BMGs were obtained only for Sc, Dy, Ho and Er. For other 
Ln elements La to Tb, 1 mm fully glassy rods were failed to form. In another case, 
Ponnambalam et al. 18 studied in details the effect of complete Ln elements replacement 
based on a multicomponent BMG Fe53Mn10Cr4Mo12C15B6. The same phenomenon was 
observed (Figure 5.5): the complete replacement of Y with Gd, Dy, Er and Yb improved 
the GFA of alloys, while the replacement with Ce and Eu deteriorated the GFA. No glass 
formation was reported for the alloys replaced with La and Nd 18.  
 
The unsuccessful complete replacement could be explained by the study of GFA in 
Fe-B-Y and Fe-B-Nd systems. The failure of the complete replacement is perhaps 
resulted from the different compositions of the best glass formers in respective alloy 
systems. And the different compositions for the best glass formers are possibly related to 
their specific phase diagrams, especially the eutectic compositions. 
 
 
Table 5.2 The ability to form bulk glassy rods of at least 1-mm-diam for the studied 
Fe72B22M6 alloys 17. 
M Sc Y La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb Dy Ho Er 









































Figure 5.5 Dependency of maximum glassy rod diameters on Y/Ln elemental additions 
for Fe51Mn10Cr4Mo12C15B6(Y/Ln)2 alloys 18. 
 
The different compositions of the best glass formers are shown in Figure 5.6 for Fe-
B-Y and Fe-B-Nd alloys. The best glass former in Fe-B-Y system is Fe71.2B24Y4.8 (Zc=1 
mm by the suction casting) and that in Fe-B-Nd system is Fe67B23Nd10 (Zc=1 mm by the 
injection casting)
. 
In addition, the complete replacement of Nd with Y deteriorated the 
GFA greatly and vice versa. The GFA for Fe71.2B24Nd4.8 was worse than that of 
Fe71.2B24Y4.8 as the sample of 100 µm for Fe71.2B24Nd4.8 was glass matrix composite. On 
the contrary, the GFA for Fe67B23Y10 (replacing Y for Nd in the best glass former 
Fe67B23Nd10) was worse than that of Fe67B23Nd10 as Fe67B23Y10 was out of the composite 
forming zone for 1 mm ingots (Figure 3.27). Thus, the locations of the best glass formers 
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in these two systems were unique and could not be found by the conventional complete 
replacement method. 
 


















Figure 5.6 Phase diagram in Fe-rich corner of Fe-B-Y/Nd system. Eutectics (squares) and 
the best glass formers (stars) are indicated. 
 
To interpret the unique composition of the best glass former, phase diagrams of Fe-B-
Y and Fe-B-Nd systems were reviewed. As Y and Nd have the same electron 
configuration in the valence shell, similar features of phase diagrams (i.e. equilibrium 
phases and equilibrium conditions between them) were observed (Figure 3.1 and Figure 
3.33). The isothermal sections in the Fe-rich corner and the equilibrium crystalline phases 
were same. There was one eutectic in the Fe-rich corner: Fe78.2B17.5Y4.3 and Fe74B18Nd8 
and the eutectic temperature Tm was similar: 1394 K (for Fe-B-Y alloys) and 1372 K (for 
Fe-B-Nd alloys). Besides these, the liquidus temperature Tl was both sensitive to the B 
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content. By the GFA study in Fe-B-Y/Nd systems, it was revealed that GFA was 
sensitive to Y/Nd content and the Y or Nd content of the best glass formers was different 
(4.8 and 10 at.% respectively) though the B content was similar. It is well known that the 
best glass former is closely related to the eutectic. And based on pinpoint strategy, the 
best glass former would skew to a composition with a high slope of Tl. In Fe-B-Y/Nd 
systems, note that the two best glass formers had the similar Y/Ln content with that of the 
individual eutectics (Y/Nd content of the best glass former/eutectic: Fe-B-Y, 4.8 to 4.3 
at.% and Fe-B-Nd, 10 to 8 at.%). At the same time, the B content was similar at ~23 at.% 
that is about 5 to 6 at.% higher than that of the eutectic since the slope of Tl was both 
high for compositions with a fixed Nd content. Therefore, it was indicated that the unique 
compositions of the best glass formers in Fe-B-Y/Nd systems are closely related with 
their phase diagrams, especially the eutectics. 
 
The close relationship between the best glass formers and the eutectic compositions 
may offer an explanation for the deterioration of GFA by complete replacement of Y with 
certain Ln elements. Thus, we argued that the eutectic point in a specific alloy system 
should be taken into consideration in the development of BMGs by the complete 
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5.1.3.3 Compositional optimization for high order alloys 
 
Based on the confusion principle proposed by Greer 6, the more the elements involved, 
the better the GFA will be, which was proven by those multicomponent (6 to 7) Fe-based 
BMGs listed in Chapter 1. On the other hand, the strong dependency of GFA on 
compositions in multicomponent systems was observed 5, 19. For example, in the Fe-rich 
corner of ternary Fe-B-Y system, with 1 at.% change of Y, the critical sizes of Fe-B-Y 
alloys can change by a factor of 10 (Figure 5.1). And in the quaternary La-Al-(Cu, Ni) 
system, with only 2 at.% changes in Al content, the critical diameters for the La100-
x[Al0.412(Cu, Ni)0.588]x alloys changed dramatically from 1.5 mm to 10-12 mm 19. By the 
strong dependency of GFA on compositions, the compositional interval was refined to 1-
2 at.% to locate larger BMGs. In addition, as the number of the constituents of the 
systems increased, the number of alloys needed to optimize the composition increased 
dramatically at a same compositional interval. For example, at a step of 1 at.%, the 
number of alloys needed to scan a binary phase diagram would be 101, for a ternary 
system 5,151, for a quaternary system 176,851 and for a quinary  system 4,598,126. Thus, 
the composition optimization for multicomponent alloys (>3) becomes tremendously 
difficult because of the huge workload.  
  
 


























Figure 5.7 The critical size of the quaternary BMGs and the ternary base alloys in Fe-B-
Y-Nb system.  
 
However, the optimization of low order (≤ 3) alloys can reduce effectively the 
number of trials for high order (≥ 4) alloys and facilitate the development of BMGs in 
high order systems. For example, quaternary Fe-B-Y-Nb BMGs were developed by Kim 
et al. at (Fe71.2B24Y4.8)96Nb4 (5-7 mm) 20 after only a few trials based on the ternary 
starting point Fe71.2B24Y4.8 that was the best glass former for Fe-B-Y alloys. While in a 
previous study by the same group 3, Fe77B17Nb6 (the critical size <50 µm) was chosen as 
the ternary starting point and alloys Fe77-xYxB17Nb6 were developed by the substitution 
method. The critical diameter was increased to only 2 mm at Fe74B17Nb6Y3. While a 
larger BMG (Fe71.2B24Y4.8)96Nb4 in the same Fe-B-Y-Nb system was obtained with a 
critical diameter of 5 to 7 mm because the ternary starting point was optimized. This 
demonstrated the effectiveness of the starting points that were optimized low order alloys. 
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Note that the alloy (Fe71.2B24Y4.8)96Nb4 with a critical diameter of 7 mm is only composed 
of 4 elements. For alloys in higher order (≥ 5 constituents) systems, the critical size will 
increase further based on the confusion principle 6. Perhaps after the addition of the 7th 
element, the alloy might display a critical diameter larger than 16 mm of 
Fe41Co7Cr15Mo14C15B6Y2 that is composed of 7 constituents and displays the largest 
critical size for Fe-based alloys to date 13. It can be concluded that the optimized starting 
points in low order systems could greatly facilitate the development of Fe-based BMGs 
in high order systems.  
 
 
5.2 Efficient cluster packing (ECP) model 
5.2.1 Selection of coordination number N  
 
Computer simulations 21, topological studies 10,22 and empirical rules drawn from 
experimental results 23 have all shown that certain atomic-size mismatch and efficient 
atomic packing may enhance GFA of a system. Recently, a topological efficient cluster 
packing (ECP) model was developed by Miracle 24. According to this model, a set of 
critical values R*(N) (N is the coordination number) for the atomic size ratio (R) of the 
solute atom radius (r) to the solvent atom radius is presented, at which the local packing 
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Table 5.3 Atomic size ratios of constituent atoms over solvent Fe atoms. Values of N and 
corresponding critical values of R*(N) are also listed.  
  
Element r (nm) R R*(N) N 
Solvent Fe 0.128 - - - 
B 0.078 0.609 0.617 8 
Nb 0.146 1.14 1.12 15 
Nd 0.164 1.28 1.31 17 Solute 
Y 0.180 1.41 1.43 20 
 
As all alloys studied in this thesis are Fe-rich alloys, Fe atoms are defined as solvent 
atoms (Ω) and other constituent atoms are regarded as solute atoms 24. The atomic size 
ratios R (radius of solute divided by radius of solvent atoms (Fe)) are calculated and listed 
in Table 5.3. The atomic radii r, the critical atomic size ratios R*(N) and coordination 
number N are also listed. 
 
For solute atoms, the atomic size ratios R are RB/Fe=0.609, RY/Fe=1.41, RNd/Fe=1.28 and 
RNb/Fe=1.14. Comparing these values with the critical values R*(N) listed in Ref. 22, the 
best matched critical atomic size ratios are R*8(0.617) (RB/Fe(0.609)), R*20(1.43) 
(RY/Fe(1.41)), R*18(1.31) (RNd/Fe(1.28)) and R*15(1.12) (RNb/Fe(1.14)), which indicate a 
possible maximum local packing efficiency. Therefore, the coordination number N for the 
maximum packing density is 8 (B-Fe), 20 (Y-Fe), 17 (Nd-Fe) and 15 (Nb-Fe). The 
efficiently packed local structure is often associated with low energy and high viscosity of 
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5.2.2 Composition calculation based on ECP model  
 
The ECP model developed by Miracle et al. 24 offers general guidance for the discovery of 
the metallic glasses. By addressing only relative atomic size of the constituents, this model 
is able to quantitatively predict concentrations of constituents. In this section, compositions 
were calculated based on ECP model in Fe-B-Y, Fe-B-Nd, Fe-B-Y-Nb and Fe-B-Nd-Nb 
systems.  
 
For Fe-rich Fe-B-Y alloys (Fe is solvent atom Ω), based on the convention that the 
largest solutes are α atoms, and β and γ solutes are progressively smaller 24, Y is regarded 
as α solute and B is β or γ solute. The coordination number N for Y atoms is 20 and that 
for B atoms is 8 (Table 5.3). The Fe-rich Fe-B-Y alloys can be designated as <20-8> 
representing the coordination numbers of α and β solutes, respectively. The efficiently 
packed solute-centered atomic clusters consist of 1 Y atom (α) surrounded by 20 Fe atoms. 
The α clusters are assumed to be packed on an f.c.c. or h.c.p. packing that packs these 
sphere-like clusters most efficiently in space. And 1 α cluster provides 1 β and 2 γ 
interstitial sites to be filled by other solute atoms. Thus, the number of Fe atoms per α 
solute is calculated by [Nα/(1+(12/Nα)] 24 (Nα is the coordination number for α), i.e. 12.5 Fe 
atoms per Y atom. The β and γ interstitial sites are only filled by B atoms for Fe-B-Y 
alloys. Provided that 2 γ sites are fully occupied by β solute, there are a total of 3 B atoms 
per Y atom. In summary, there are 12.5 Fe atoms and 3 B atoms corresponding to 1 Y 
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atom and the predicted composition for Fe-B-Y system is Fe75.7B18.2Y6.1. However, 
Fe75.7B18.2Y6.1 is far away from our best glass former Fe71.2B24Y4.8 that had a critical size of 
1 mm and the GFA of Fe75.7B18.2Y6.1 is poor: it is out of the composite forming zone for 1 
mm ingots (Figure 3.27). 
 
In the same way, the predicted composition for Fe-B-Nd system is Fe73B20.2Nd6.8 (2 γ 
sites are fully filled with β solutes (B)). However, Fe73B20.2Nd6.8 is far away from our best 
glass former Fe67B23Nd10 that has a critical size of 1 mm and the GFA of Fe73B20.2Nd6.8 is 
poor: it is out of the glass forming zone for 100 µm ribbon samples (Figure 3.47). 
 
Table 5.4  Predicted compositions according to ECP model. BMG (the best glass former 
or the largest BMG reported) in each system is listed for comparison.  
 
Atoms Composition, at.% BMGs, at.% Systems 




12.5 (Y) 1 
(B) fully filled 















(B) fully filled 










2 73 6.8 6.8 13.4 65.3 6.7 4 24 
 
For Fe-rich Fe-B-Y-Nb alloys, based on the convention that the largest solutes are α 
atoms, and β and γ solutes are progressively smaller 24, Y is regarded as α solute, Nb is β 
solute and B is γ solutes. The coordination number N for Y atoms is 20, for Nb atoms is 15 
and for B atoms is 8 (Table 5.3). The Fe-rich Fe-B-Y-Nb alloys can be designated as <20-
15-8> representing the coordination numbers of α, β and γ solutes, respectively. The 
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efficiently packed solute-centered atomic clusters consist of 1 Y atom (α) surrounded by 20 
Fe (Ω) atoms. Based on an f.c.c. cluster packing that packs these sphere-like clusters to fill 
space more efficiently, the number of Ω atoms per α solute is determined by 
[Nα/(1+(12/Nα)] 24, i.e. 12.5 Fe atoms per Y atom. And 1 α-Ω cluster provides 1 β site and 
2 γ sites. The 1 β site and 2 γ sites are occupied by Nb atoms and B atoms, respectively. 
Therefore, there are 12.5 Fe atoms, 1 Nb atom and 2 B atoms for 1 Y atom and the 
predicted composition for Fe-B-Y-Nb system is Fe75.7Nb6.1Y6.1B12.1. However, 
Fe75.7B12.1Y6.1Nb6.1 is far away from the BMG Fe68.4B23Y4.6Nb4 that has a critical diameter 
of 5 to 7 mm 20. 
 
Similarly, the predicted composition for optimum glass formation in Fe-B-Nd-Nb 
system is Fe73B13.4Nd6.8Nb6.8. However, Fe73B13.4Nd6.8Nb6.8 is also far away from the 
experimentally determined BMG Fe65.3Nd6.7B24Nb4 that has a critical diameter of 4 mm.  
 
The predicted compositions and experimentally determined best glass formers in these 
four systems are listed in Table 5.4. It can be seen that the predicted compositions are far 
away from the best glass formers or the largest BMGs. Thus, the prediction of the 
compositions based on the ECP model is inaccurate in these systems possibly because of 
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To improve the accuracy of the predictions, a modified ECP model was constructed by 
Wang et al. 25 taking the heat of mixing into account, as the chemical effects provide an 
important contribution to the metallic glass stability. In this modified model, the formation 
of the primary clusters, where the α solute is surrounded by solvent atoms only, is driven 
by the preference for the stronger chemical bond (Ω-α) to lower energy 26. The solute 
species with the larger negative heat of mixing with the solvent is chosen as the primary 
cluster-forming solute α, rather than the one with the larger atomic size 24. And the other 
solute species is taken as secondary solute β. The other modification is the calculation of 
the β concentration. When the β concentration is too low, some of the cluster-interstitial 
sites would be left unfilled. This is unfavorable because the efficient packing is not fully 
realized, and there is room for more β to establish bonds with Ω. On the other hand, if too 
many β atoms are brought into the structure, the structure would become highly strained. 
Constricted by the strain and consequently energy cost associated with each of the β atoms 
added, finally a critical β concentration will be preferred, beyond which the ECP structure 
becomes topologically unsustainable. Based on the modified model, the predicted 
composition for Fe-B-Y alloys is about Fe72B21Y7, which is closer to the best glass former 
Fe71.2B24Y4.8 than Fe75.7B18.2Y6.1 that is predicted by the ECP model. However, the GFA for 
Fe72B21Y7 is still poor: it is out of the composite forming zone for 1 mm ingots. None of 
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5.2.3 Modification of ECP model 
 
As the original ECP model is not accurate enough to predict the composition with the 
best GFA, it is necessary to modify it and then improve its accuracy.  
By the comparison between the best glass former Fe71.2B24Y4.8 and the predicted 
composition Fe75.7B18.2Y6.1, note that the B concentration is severely underestimated by 
the ECP model though two γ
 
sites are fully occupied by β solute (B atoms). Certain extra 
B atoms must be in the f.c.c. cluster arrangement besides 1 β and 2 γ interstices. Note that 
the atomic radius of B atoms is extremely small (0.078 nm). Under consideration of the 
interstices in an f.c.c. packing that the octahedral interstices (β sites, 0.414*rcluster) are 
more spacious than the tetrahedral interstices (γ sites, 0.225*rcluster) (Figure 5.8), it is 
reasonable to put one extra B atom into β sites, i.e. two B atoms per C site. Therefore, for 
Fe-B-Y alloys, corresponding to 1 Y (α) atom, there are 12.5 Fe (Ω) atoms and 4 B (β) 
atoms (3 for original ECP model). The predicted composition is Fe71.4B22.9Y5.7, which is 
in much better agreement with the best glass former Fe71.2B24Y4.8 than the prediction 








Figure 5.8 Octahedral sites (β) and tetrahedral sites (γ) in an f.c.c. lattice (circles).  
 
For another ternary Fe-B-Nd system, by the same modification of two B atoms per β 
site the predicted composition is Fe68.4B25.3Nd6.3, which is in better agreement with the 
best glass former Fe67B23Nd10. 
 
In conclusion, the modification of two B atoms per β site is effective in improving the 
accuracy of the predicted compositions by the ECP model in ternary Fe-B-Y/Nd systems. 
 
For quaternary Fe-B-Y-Nb alloys, the B concentration of predicted composition 
Fe75.7B12.1Y6.1Nb6.1 is also severely underestimated by the ECP model compared with that 
of the largest quaternary BMG Fe68.4B23.0Y4.6Nb4 with a critical daimeter of 5-7 mm. In 
this instance, β sites are occupied by larger Nb atoms (0.146 nm) and only γ sites are 
occupied by B atoms (0.078 nm). The high B concentration of BMG indicates that certain 
(a) Octahedral sites (β) 
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extra B atoms must be in the f.c.c. cluster arrangement besides the 2 γ sites. As Nb atoms 
are almost twice as large as B atoms, it is not reasonable to insert B atoms into β sites. On 
the other hand, it is supposed that one extra B atom is put into γ site, i.e. two B atoms per 
γ site. Therefore, corresponding to 1 Y (α) atom, there is 12.5 Fe (Ω) atoms, 1 Nb (β) 
atom and 4 B (γ) atoms. The predicted composition is Fe67.6B21.6Y5.4Nb5.4, which is in 
much better agreement with the quaternary BMG Fe68.4B23.0Y4.6Nb4 than the prediction 
Fe75.7B12.1Y6.1Nb6.1 by original ECP model. When Nb is completely replaced with Mo, the 
predicted composition for Fe-B-Y-Mo alloys is same at Fe75.7B12.1Y6.1Mo6.1 as Nb and 
Mo have very similar atomic radii (0.146 nm and 0.136 nm respectively). Experimentally, 
5 mm BMG was obtained 27 at Fe69.5B20.9Y4.6Mo5. Thus, the prediction by the modified 
ECP model is also in better agreement with BMG Fe69.5B20.9Y4.6Mo5 than the prediction 
Fe75.7B12.1Y6.1Mo6.1 by original ECP model. 
 
For another quaternary Fe-B-Nd-Nb system studied, by the same modification of two 
B atoms per γ site the predicted composition is Fe64.3B23.8Nd5.9Nb5.9, which is in much 
better agreement with the 4 mm BMG Fe65.3B24Nd6.7Nb4 than the prediction 
Fe73B13.4Y6.8Mo6.8 by original ECP model. 
 
In conclusion, the modification of two B atoms per γ site is effective in improving the 
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Table 5.5 Predicted compositions by ECP model and modified ECP model as well as 
BMGs for comparison. 
 
Modifica-















Fe Ω (12.5) 75.7 Ω (12.5) 71.4 71.2 
Y α (1) 6.1 α (1) 5.7 4.8 
Fe-B-Y 
<20-8> 
B β and 2γ (3) 18.2 
β and 2γ 
(4) 22.9 24 
Fe Ω (10.8) 73 Ω (10.8) 68.4 67 
Nd α (1) 6.8 α (1) 6.3 10 
2 B atoms 
per β site 
Fe-B-Nd 
<18-8> B β and 2γ (3) 20.2 
β and 2γ 
(4) 25.3 23 
Fe Ω (12.5) 75.7 Ω (12.5) 67.6 68.4 
Y α (1) 6.1 α (1) 5.4 4.6 
Nb β (1) 6.1 β (1) 5.4 4 
Fe-B-Y-Nb 
<20-15-8> 
B 2γ (2) 12.1 2γ (4) 21.6 23 
Fe Ω (12.5) 75.7 Ω (12.5) 67.6 69.5 
Y α (1) 6.1 α (1) 5.4 4.6 
Mo β (1) 6.1 β (1) 5.4 5 
Fe-B-Y-Mo 
<20-15-8> 
B 2γ (2) 12.1 2γ (4) 21.6 20.9 
Fe Ω (10.8) 73 Ω (10.8) 64.3 65.3 
Nd α (1) 6.8 α (1) 5.9 6.7 
Nb β (1) 6.8 β (1) 5.9 4 
2 B atoms 
per γ site 
Fe-B-Nd-
Nb 
<18-15-8> B 2γ (2) 13.4 2γ (4) 23.8 24 
 
 
In summary, the predicted compositions by the original ECP model and by our 
modified ECP model as well as the experimentally determined BMGs are listed in Table 
5.5. The compositions predicted by the modified ECP model are much closer to those of 
BMGs than the compositions predicted by the original ECP model. It seems that perfect 
knowledge of glass stability can lead to a better prediction of easy glass former. However, 
it is very difficult to do a perfect prediction because of these kinetic factors and other 
factors overlooked in this model. Therefore, by the modified ECP model, compositions 
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extraordinarily close to the experimentally determined best glass formers could be 
predicted for ternary Fe-B-Y/Nd or quaternary Fe-B-Y/Nd based alloys. Thus, the 
workload to discover BMGs could be reduced greatly.               
 
5.3 Fe-B-Nd-Nb bulk hard magnets 
 
5.3.1 Composite formation in Fe-B-Nd-Nb system  
 
In conventional methods, Fe14Nd2B or compositions close to Fe14Nd2B were used to 
synthesis Fe-B-Nd hard magnets. However, glass matrix composites reinforced by 
uniformly distributed Fe14Nd2B phase were obtained in bulk for compositions away from 
Fe14Nd2B. By the phase selection principle, composites uniformly reinforced with 
primary phases could be formed around the best glass former. And Fe14Nd2B was 
identified to be one of the competing phases.  Thus, composites with Fe14Nd2B were 
obtained for compositions near the best glass former Fe65.3B24Nd6.7Nb4, which was far 
away from Fe14Nd2B. Therefore, glass matrix composites reinforced by uniformly 
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5.3.2 Hard magnetic properties 
  
Due to the superior GFA of Fe-B-Nd-Nb alloys, bulk glass matrix composites with 
Fe14Nd2B were obtained in a compositional area away from Fe14Nd2B. The grain size of 
Fe14Nd2B measured by XRD was small: about 70 nm for as-cast as well as annealed 
ingots (e.g. 1.5 mm (Fe67B23Nd10)96Nb4). It was indicated that during annealing, the 
amorphous phase transformed into mainly nanoscaled hard Fe14Nd2B and soft Fe17Nd2. 
Therefore, the small grain size and the large volume fraction of Fe14Nd2B result in the 
hard magnetic properties for bulk samples. It’s also speculative that there is exchange 
interaction between hard Fe14Nd2B and soft Fe17Nd2. Conventionally, small amount of 
Nb was used as grain growth inhibitors to form a fine grain microstructure that lead to 
high coercivity. Therefore, the large coercivity (1100 kA/m) might result from the 4 at.% 
Nb. 
 
Finally although hard magnets Fe-B-Nd-Nb were synthesized by one step annealing, 
(BH)max is smaller than that of optimum annealed melt spun ribbon in Fe14Nd2B because 
of the low Mr. For hard magnets obtained in this work, Mr is about 50% of Ms, indicating 
that the magnets were isotropic hard magnets. The lower Fe content in comparison with 
Fe14Nd2B results in the lower Ms. As anisotropic Fe14Nd2B hard magnets could produce 
much higher (BH)max value by improving Mr, the easy axis could be aligned by applying 
an external magnetic field during casting and annealing. However, it is impossible as the 
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Curie temperature Tc of Fe14Nd2B (585 K) is lower than the glass transition temperature 
Tg (~ 900 K) or crystallization temperature Tx (~ 950 K) 28. Therefore, due to the low Fe 
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The GFA of Fe-B-Y alloys was investigated and a glass forming zone for 30 µm ribbons 
was discovered in the Fe-rich corner. Within this zone, a composite forming zone for 1 
mm ingots was discovered sequentially. The best glass former was located at 
Fe71.2B24Y4.8 with a critical diameter of 1 mm by suction casting. Based on the pinpoint 
strategy, three competing phases (α-Fe, Fe2B and Fe4B4Y) were discovered by XRD and 
SEM. While the best glass former cannot be pinpointed by the thermal parameters. 
Further study on GFA revealed the strong dependency of GFA on Y content.  
 
The GFA of Fe-B-Nd alloys was studied in Fe-rich corner and a glass forming zone 
for 100 µm ribbons was discovered. Three competing phases (Fe14BNd2, Fe2B and 
Fe4B4Nd1.1) were identified by XRD. And the best glass former was located at 
Fe67B23Nd10 with a critical diameter of 1 mm by injection casting. Further study on GFA 
revealed the strong dependency of GFA on Nd content. After annealing, the hard 
magnetic phase of Fe14BNd2 was identified by XRD for 1 mm ingot of Fe67B23Nd10.  
 
  




The effect of Y/Nd to improve the GFA was discussed. The low content of Y/Nd was 
believed to be limited by the specific phase triangle and Y/Nd was a base element. By 
this point, the disadvantages of complete replacement and elemental substitution were 
discussed in Fe-B-Y/Nd systems. It was concluded that the competing phases were 
effective in locating the best glass formers.  
 
In the case of Fe-B-Y-Nb system developed from Fe-B-Y system, the optimization of 
ternary starting alloys was proven to reduce effectively the number of trials for the 
compositional optimization of high order alloys and facilitate the development of BMGs 
in high order systems.  
 
Based on the results of Fe-B-Nd alloys, the GFA study on Fe-rich Fe-B-Nd-Nb 
alloys was carried out and a glass forming zone for ingots with a diameter of 1.5 mm to 3 
mm was discovered for the alloys with a fixed Nb content of 4 at.%. A 4 mm BMG was 
obtained at (Fe67B23Nd10)96Nb4, which was the largest BMG reported so far for the Fe-B-
Nd based alloys. The primary phase evolution around the glass forming zone was 
demonstrated clearly for both ternary and quaternary systems. Composites with 
uniformly distributed Fe14Nd2B were synthesized with a diameter of 1.5 to 3 mm. The 
magnetic properties were studied and a compositional zone for composites capable to 
form bulk hard magnets was discovered for Fe-B-Nd-Nb alloys. A high coercivity (1,100 
  




kAm-1) and a maximum energy product (33 kJm-3) were obtained at (Fe67B23Nd10)96Nb4 
after annealing. The combination of hard magnetic properties and the large critical 
diameter made Fe-B-Nd-Nb a good candidate for industrial applications.  
 
The predictions by the ECP model in Fe-B-Y/Nd based systems were far away from 
the best glass formers determined experimentally. By a simple modification of increasing 
the number of B atoms from one to two, the predictions were in much better agreement 
with the best glass formers determined experimentally in Fe-B-Y/Nd based systems than 








Suggestions for Future Works 
 
It would be of interest to further improve the GFA of Fe-based alloys and locate bigger 
BMGs for both fundamental research and potential industrial applications. By the 
confusion principle, GFA might be improved by increasing the number of constituents. 
For example, Co or Ni could be added to substitute Fe, C or P to substitute B, and Pr, Dy 
or other RE elements to substitute Nd. As GFA is generally sensitive to the 
compositional change, detailed work might be necessary to locate the best glass formers 
by monitoring the microstructure change.  
 
Hard magnetic properties of Fe-B-Nd-Nb alloys might be improved further by 
optimizing the heat treatment conditions. Coercivity and maximum energy product might 
be improved by controlling the grain size and volume fraction of the principle hard 
magnetic phase Fe14Nd2B. The study on the effect of the annealing time on the magnetic 
properties might be useful to improve the hard magnetic properties. 
 
 
